






























Aqueous Phase Hydrogenation of 
 
   Succinic Acid 
Using Mono- and Bi-metallic                
Ruthenium-Based Catalysts  
 
 
  Thesis submitted in accordance with the requirements of the     
University of Liverpool for the degree of Doctor of Philosophy 
 
                             Ali Habib Bashal 






                                  In the name of God, the Most Merciful 
I would like to thank firstly Almighty God for giving me the opportunity and strength to 
do my research. Then there are many people who have supported me throughout my 
work at the University of Liverpool. Initially, I would like to express my wholeheartedly 
thanks to my supervisor, Professor Lopez-Sanchez for his hospitality, care, help, and 
guidance throughout this research. Tony, you are one of the secrets of my many 
achievements. I am grateful to both of my co-supervisors, professor Greeves and Dr. 
Priecel for their scientific help and unflinching support.  
I want to thank every member of Professor Lopez-Sanchez group, past and present. To 
Monica, Joel, Azam, Nadiah, Liqaa, and Hammed, I owe them a great deal of gratitude 
for their help and supports, especially the first three, they're awesome. To Aldo and Scott 
my officemates, for their encouragement – it’s been a pleasure! To David and Javier for 
their pleasant company outside of the university and making my time such an enjoyable 
and instructive inside the university. A very special thanks to Marco for his advice and 
motivation. Apart from JALS group members, I would like to thank Professors 
Kozhevnikov and Arnolds for their support while taking the introduction to catalysts and 
spectroscopy modules respectively. To my brother, Ahmad for his enormous help. To Dr. 
Deawson and Dr. Demmah for their help on characterizing my samples by TEM. Steven 
Moss is thanked for his massive help in HPLC analysis. 
To my entire family for their patience and passion, I owe them every breath especially 
my father, Mr. Habib, and Mum. To all my teachers including Dr. Seraj, Dr. Awad, Dr. 
Muslim, and special appreciations goes to U.M.Mahdi Al-Tebir. Lastly, I would like to 
thank everyone who supported me in any way throughout my academic life and beyond. 
“And beware of a day in which you will be brought back to God. Then every soul shall be 
recompensed fully for what it has earned, and they will not be wronged.” (Quran, Surah-






Most of the succinic acid hydrogenation in the literature have been done in high reaction 
conditions and with a help of organic solvent instead of a green solvent such as a water. 
Therefore, one of the main objectives of this study is to develop catalytic systems to 
improve reaction rates for the hydrogenation of succinic acid in water at mild reaction 
condition, also to find a promoter to affect the catalyst activity so that selectivity to                
1,4-butanediol can be achieved.  
The increasing social concern about environmental problems and energy demand have 
urged scientists to put their attention on the catalytic conversion of renewable biomass 
to produce various chemicals. Carboxylic acids, i.e., succinic acid can be obtained via 
fermentation of biomass. To produce significant chemicals from bio-renewable and low-
cost carboxylic acids is highly desirable. The hydrogenation of carboxylic acids suffers 
from lack of selectivity so an active catalyst is needed to overcome those unwelcomed 
issues.  
 
Diols have a massive demand in the plastic industries due to their use as monomers to 
produce polyesters. Diols are considered a significant product amongst other products 
(lactones and cyclic ethers). It is hard to target diols since undesired-straight chain 
alkanes, acids, and, alcohols are produced by over-hydrogenation and C-C cleavage 
reactions which affect the selectivity. The choice of a catalyst under suitable 
experimental conditions would shift the selectivity to the diols. Therefore, to fulfil the 
necessity towards these diols, more efficient catalysts have been developed in this 
thesis. We demonstrated the significance of the support in the hydrogenation of succinic 
acid using different metals. The potential of tin as a promoter towards the formation of 
diols from the hydrogenation of succinic acid and other biomass-derived acids was 
successfully achieved. 
Liquid-phase hydrogenation of succinic acid was carried out over different reactors, high-





In the conventional reactor, the reaction conditions were optimized by varying the 
hydrogen pressure and reaction temperature to maximize the conversion of succinic acid 
and to avoid undesirable hydrogenolysis. Increasing the reaction pressure enhanced the 
hydrogenation activity and improved the yield of alcohols. Increasing temperature raised 
the rate of the reaction but negatively impacted the yield of the alcohols.  
The location of Ru nanoparticles on carbon nanotubes (CNTs), as well as the support’s 
properties, had significant effects on the catalytic performance. We have 
demonstrated that the catalytic performance of Ru catalysts is strongly support-
dependent. CNTs were found to increase the reactivity of all tested supported metals 
(Ru, Pt, and Pd) in the hydrogenation of succinic acid in both reactors systems. 
However, the use of CNTs as supports for Ru produced significantly superior rates of 
reaction as compared to other supports such as activated carbon, silica or Al 2O3.                
. 5% Ru/CNT proved to be the best catalyst for this reaction and, at mild conditions                       
(150 °C, 50 bar hydrogen), delivered 95.4 % conversion of succinic acid after 11 h in 
water. Furthermore, we reported for the first time that the use of pressurized microwave 
reactors resulted in a 3-fold reduction of the reaction time compared to the 
conventional heating reactor (pressure autoclave). 
All catalysts were characterized by X-ray diffraction, temperature programmed 
reduction, electron microscopy, CO chemisorption and X-ray photoelectron 
spectroscopy to be able to understand the relationship between the structure-activity 
and selectivity. Based on the XPS results, it is suggested that the electronic promotional 
effect along with the high accessibility of pores in the carbon nanotubes seem to be 
responsible for the finer activity of the catalyst. No sign of crystalline phases of metallic 
Ru in all reduced Ru based catalysts was observed, suggesting that the Ru nanoparticles 
are too small to be characterized by XRD. Linked to XRD, analysis of the TEM images 
showed that Ru catalysts (AC and CNT-based) and Pt/CNT were well dispersed while 
Pd/CNT exhibited a bimodal distribution showing agglomeration to big particles between 





On the other hand, the selectivity towards a single product remained an issue in both 
reactors but even more in the microwave reactor where less optimization work was 
carried out. At the completion of the reaction, the conventional reactor gave a combined 
yield of alcohols (1, 4-butanediol, n-propanol, n-butanol) of ~40 % whereas in the 
microwave reactor the yield drops to 18.2 %.  
Future work will determine the reasons behind this, but at this stage, we could 
hypothseze that the local hot spots could be responsible. Therefore, as the second 
objective of this thesis, we worked towards the selectivity to 1,4-butanediol. A wide 
range of Ru/Sn bimetallic catalysts were prepared on carbon and CNTs and tested. We 
found that Sn could substantially increase selectivity at iso-conversion levels as 
compared to the monometallic analogue. The incorporation the Sn into the Ru-based 
catalyst (2% Sn-5% Ru/CNT) results showed the almost complete elimination of the 
unwanted C-C cleavage reactions, thus the percentage of C-C cleavage products obtained 
decreased from 100 % to 7.7 % in which the yield of 1,4-butanediol increased from 4 to 
~80 %. Based on XPS and TPR results, envision the formation of a new type of active site, 
potentially Ru-Sn alloy on CNT which has a high impact to produce diols from the 
hydrogenation of different carboxylic acids. 
The third objective of this thesis was to explore the activity of the Ru-Sn/CNT system to 
other hydrogenation reactions attempting to further capitalize in a combined higher 
selectivity offered by Ru-Sn while enhancing reactivity using CNTs as support. The system 
was very efficient in the production of adipic acid, caprolactone, and 1,6-hexanediol from 
the hydrogenation of cis,cis-muconic acid at 200 °C. High selectivity for these products 
was accomplished by altering the hydrogen pressure for the hydrogenation reaction. 
Also, the levulinic acid hydrogenation was successfully performed towards to 1,4-
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        CHAPTER 1 







This section contains some basic background information about catalysis and catalyst 
characterization techniques. Also, we summarise the previous literature on the 




1.1.1 Definition of Catalysis 
 
The term catalysis was defined by Baron J. J. Berzelius in 1835.1 In a catalytic role, the 
purpose of a catalyst is to increase the rate of reaction. The catalyst remains unchanged or 
consumed by a chemical reaction.2 The catalyst will not allow a thermodynamically 
impossible reaction to proceed; thus, it does not affect the thermodynamics of a particular 
reaction. A catalyst lowers the activation energy, which is essential to initiate a chemical 
reaction via producing an alternative reaction pathway.3 This effect is best understood 









Figure 1.1. The effect of a catalyst on the activation energy of a reaction. X and Y represent 





Different transition state and intermediates are not found in non-catalysed reaction. 
Most of the chemical reactions that take place in human organisms are carried out by 
natural catalysts, known as enzymes. Catalysis plays a vital role in our life.2  
 
1.1.2 Importance of the Catalysts and Hydrogen in Chemical 
Production 
 
The majority of the products such as chemicals, pharmaceuticals, drinks, and foods that 
are being consumed in our daily life have been produced using at least a catalyst at some 
stage.2 Catalysts are widely used in the chemical industry to decrease energy 
consumption and increase manufacture rate. A valuable and comprehensively 
applicable method for the reduction of chemical substances is catalytic hydrogenation. 
Molecular hydrogen (H2) is a potential energy carrier in the green and clean energy-
based economy, mostly to meet the demands of chemical processes, such as these 
required in a bio-refinery.5 Currently, hydrogen is produced in large quantities by natural 
gas steam reforming.   
 
1.1.3 Types of Catalysis 
 
There are three types of catalysts, i.e., heterogeneous, homogeneous and enzymatic 
catalysts.6  
 Homogeneous and Enzymatic Catalysts  
 
A homogeneous catalyst is present in an identical phase (either liquid or gas) as the 
reactants and products. Enzymatic catalysts are a subgroup of homogeneous catalysis in 
which biological units are responsible for the catalysis.7 The separation processes in 
homogeneous catalysis have to be enhanced since they are sometimes uneconomic 





Some of the homogeneous catalysts, e.g., sulfuric acid, require handling in corrosion-
proof facilities whereas heterogeneous catalysts are non-corrosive in standard reactor 
units.7 Under these circumstances, there is an increasing need for heterogeneous 
catalytic-driven processes where a catalyst is in the different phase from the reactants, 
typically solid.  
 
 Heterogeneous Catalysts  
 
Heterogeneous catalysts are easier to separate and recycle from the gas and/or liquid 
reactants and products. However, control of heterogeneous processes is complicated.7,8 
The heterogeneous catalytic reactions take place on the surface by breaking and forming 
bonds between the atoms of the catalyst surface and the reacting species.  
 
1.1.4 The Surface Area of the Catalyst 
 
The larger the surface area of the catalyst is, the greater the contact between the 
reactant and active sites. Thus, the rate of the reaction increase. This phenomenon has 
been shown by Ross for the situation of the reaction A+B → P as it is shown in Figure 
1.2.9 
A series of gas-phase collisions of molecules A and B occurred before approaching the 
solid catalyst. Molecule A arrives at the active surface, i.e., (metal crystallite embedded 
within a pore) when it reaches the solid (pore mouth). In fact, molecule A has to diffuse 
down the pore and will collides with both gas-phase molecules and with the walls of the 
pore; the relevant number of surface collisions depends on the reaction conditions 
(temperature and pressure) as well as those relative to gas-phase collisions will then 















Figure 1.2. Schematic illustration the chemistry that happen at catalyst pore. 
Adopted directly from Ross book.9 
 
Once adsorbed on the active surface, seven different steps are required to complete the 
process as presented in Figure 1.3.8 In the first step, the diffusion of the reactants from 
a bulk fluid to the catalyst particle takes place, then in the second step the diffusion of 
the reactants over the catalyst intra-particle pores take place. Step (3) the adsorption of 
the reactants on the catalytic surface and step (4) reaction on the surface whereas steps 
5, 6, and 7 including desorption and the diffusions of products. 
 
Figure 1.3. Steps in heterogeneous catalysis reaction. Adopted directly from Lin et 





 What is Happening Inside the Catalyst Pores?  
 
Molecule A can react with the corresponding species following from the diffusion and 
adsorption of molecule B to give adsorbed product P; P then desorbs and diffuse out 
from of the pore and away from the surface. Through the catalyst intra-particle pores 
(step six) the products diffuse into the bulk fluid (step seven).8 The rate of the reaction 
may still depend on the rate of adsorption of A or B, by desorption of product P or on 
the surface reaction of A with B; nevertheless, the rate may be equally affected by the 
rates of diffusion (from or to) the surface and (out or into) of the pore. Therefore, for 
the highly active catalytic surface, the catalyst must have an easily accessible outer and 
inner surface.9  
 
1.1.5 Heterogeneous Catalyst Components 
 
The three main components of a heterogeneous catalyst are active sites, promoter, 
and the support.  
 
1.1.5.1. Active Sites 
 
The term of the active site in a heterogeneous catalyst can be visualized as the set of 
atoms that directly catalyses a given reaction. To improve the catalyst properties, it is 
important to understand the structure of the active site.11 The activity of the catalyst 
depends on the active phase which is constituted of one or more chemical species. The 
active sites could be sensitive to the reaction conditions, as they are often dispersed in 
a support.2  
 
1.1.5.2. The Promoter   
 





When a modifier enhances the catalyst activity in terms of reaction rate per site, it is 
called a promoter. A promoter can be a second metal, non-inert support, oxide or other 
additive, which can vary the electronic and the geometric structure of the metal 
surface.12  In most cases, not only high activity but also high selectivity is desired. The 
selectivity to some desired products can be improved by adding substances that limit 
unwanted reactions.13  
 
 Bimetallic Catalysts 
 
The term of bimetallic catalyst comes from combining the monometallic catalyst, which 
consists of a single metal element as the active component, with a second metal 
element. The chemical and electronic properties of bimetallic catalysts are regularly 
different from those of monometallic catalyst.14 Long et al.15 elucidated the difference 
in catalytic performances, concluding that they are caused by the change in electronic 
configuration structure of the metal crystallites upon adding the second metal element 
although their promotion effect can simply be the consequence of merely improving the 
dispersion of the metal so that active sites are more isolated. The promoter could help 
to avoid the deactivation of the catalyst. In methane combustion, for instance, it has 
been reported the activity of Pd/Al2O3 increased after introducing a prompter (Pt). The 
Pd catalysts exhibited larger particles growth than their bimetallic counterparts, which 
decrease the Pd dispersion and suppressed the catalytic activity.16,17  
The advantages of bimetallic catalysts over monometallic catalysts in enhancing 
catalytic performance has received much attention from the chemical industry.14 In 
many cases, bimetallic catalysts can be used to increase selectivity to a specific product. 







1.1.5.3. Support  
 
Supports are materials which play an essential role in heterogeneous catalysis by 
improving the dispersion of the active phase and therefore enhancing the contact 
between the catalyst active phase and the reaction substrate. The support in a 
heterogeneous catalyst will typically have high surface area, and suitable porosity. To 
enhance the heterogeneous catalyst’s performance and stability, we could concentrate 
on the morphology and pores size of the selected support materials.18  
The catalyst supports, i.e., silica, titania, alumina, and zirconia, are materials on which 
active metal nanoparticles are formed or deposited.19 Matatov-Meytal and Sheintuch,20 
addressed that the primary functions of support which are: increasing the surface area, 
decreasing sintering, and improving the chemical stability of the catalytic material.2 The 
interactions between the support’s surface, solvent, and metal precursor during an 
impregnation step strongly affect the metal dispersion.21 The surface area of the support 
should be large, which results in a high dispersion of an active phase. Highly porous 
support also might be useful to increase the rate of the reaction.8  
Carbon has attracted much attention as a support due to its high surface area.22,21 
Catalysts supported on carbon have been used successfully in the liquid phase 
hydrogenation of succinic acid,23 dehydrogenation of cyclohexane,24 and many other 
reactions.22,25  
 
1.1.5.3.1. Activated Carbon as a Support 
 
The “activated” carbon (AC) used as support is mainly derived from naturally occurring 
materials such as coal, wood, and peat having a complex porous structure and the 
resulting high surface area may exceed 1000 m2/g.26 AC has the highest surface area 
compared to alumina, silica, zeolite, and carbon nantubes.25,27 AC is extensively used for 





Aksoylu et al.29 suggested that AC has all the essential characteristics to be used as a 
catalyst support.29 In the past, limited applications of carbon as a catalyst support were 
reported because of the lack of understanding of numerous aspects related to AC in 
supported catalysts. Further investigations have allowed a determination of all the 
chemical and physical characteristics of carbon material, especially for AC (porosity and 
surface area).30 Depending on the preparation conditions and feedstock, an extreme 
degree of different porosity of AC can be established. 
 
 Activated Carbon Structure 
 
The AC structural heterogeneity is due to of the presence of micropores, mesopores, 
and macropores with different shapes and sizes. Furimsky addressed that the wood-
derived AC possesses a sizeable macroporous structure (>50 nm), while the coal-based 
AC can adsorb high molecular weight substances due to its suitable mesoporosity (2−50 
nm), whereas microporous AC (<2 nm) can be prepared from the nut-shells.31 Figure 1.4 
presents 3 different (pore size) of carbon, the microporous, mesoporous, and 
macroporous structure.29 
The morphology of the supports are considered to be the significant factors in promoting 
a high dispersion of nanoparticles, influencing the performance of the catalyst.32 
Recently, carbon nanotubes (CNTs) have been shown as essential materials for catalysts 
as a support.33 CNTs based catalysts appear to compete with activity of AC based catalyst 


















Figure 1.4. A structural scheme for an activated carbon, which contains highly 
disordered micropores, mesoporous, and macropores. Adopted directly from Li et al.35  
 
1.1.5.3.2. Carbon Nanotubes as Catalyst Support 
 
 
In the last decade, much attention has been given to carbon-derived nano-structured 
materials. The new forms of carbon such as carbon nanofibers and CNTs have revealed 
a great potential as catalyst supports.36 CNTs were firstly synthesised by Davis, Slawson, 
and Rigby in 1953,37 and their physical properties mainly resembled those of graphene. 
In graphene, carbon atoms are tightly organised in a regular sp2-bonded atomic-scale 
honeycomb (hexagonal) pattern. Moreover, this pattern is a basic structure for other 
sp2 carbon bonded materials (allotropes) such as carbon nanotubes and fullerenes.36 
Graphene known as the “mother” of all allotropes, as shown in Figure 1.5, where it is 
observed that graphite is stacked graphene, fullerenes are wrapped graphene, and 







Figure 1.5. Carbon allotropes. Top left: Graphene; Top right: Graphite (stacked 
graphene); bottom left: nanotube (rolled graphene); bottom right: fullerene (graphene 
wrapped up in bucky-balls). Adopted directly from Castro Neto.38 
 
 
CNTs can be subdivided into two classes: single-walled nanotubes (SWCNTs) and multi-
walled nanotubes (MWCNTs).39 The SWCNTs have diameters between 0.4 and 2 nm 
while the MWCNTs have diameters between 2–100 nm.40 The interlayer spacing 
between graphitic layers in MWCNTs is 0.34 nm.41 These concentric nanotubes are held 
together with relatively weak van der Waals bonding.25 The walls of CNTs are shaped by 
a hexagonal lattice of carbon atoms. Each atom is connected to three neighbouring 
atoms, forming sp2 bonding. Thus, the nanotubes are stronger than diamond since the 







1.1.5.3.2.1. Production of Carbon Nanotubes  
 
Several methods have been used for the synthesis of CNTs. We will discuss the main 
techniques along with some of the benefits and drawbacks of each technique for 
manufacturing CNTs.  
The primary three systems are arc discharge, laser ablation, which is considered a 
physical process, and chemical vapor deposition, which is a chemical process.42 
 
 Arc Discharge 
 
The arc discharge is the simplest and most widespread method to manufacture CNTs 
which was prepared by Lijima in 1991. However, it required very high processing 
temperature (3000–4000 °C), which can lead to CNTs with few structural defects.42 
 
 Laser ablation 
 
The laser-ablation (vaporisation) has been used to produce CNTs.s.43 In a high-
temperature reactor, the pulsed laser was used to strike at a graphite target in the 
presence of a small amount of cobalt, nickel in the presence of inert gas such as helium 
which vaporizes graphite target.44 As vaporised carbon condenses, the nanotubes grow 
on the cooler surfaces of the reactor and, to collect the nanotubes, a water-cooled 
surface is used.45 The production of CNTs with this method gives pure CNTs in high yield 
compared to the arc discharge method. However, the evaporation of the carbon source 












 Chemical Vapour Deposition 
 
Chemical vapor deposition (CVD) is one of the most common technique to synthesise 
CNTs when aiming to control large-scale production. Several hydrocarbon sources have 
been studied for growing CNTs; such as acetylene, methane, and carbon monoxide.47 A 
gas flow of the reactant such as ethylene is passed over transition metals like nickel, 
cobalt, and iron under inert gas at atmospheric pressure at ∼700 °C.45 Because of the 
saturation of carbon atoms on the metal particle site, the carbon precipitates, which 
then forms CNTs.  
Among other synthesis methods, CVD is comparatively less energy intensive, which 
prompts a promising path to manufacture CNTs. Owing to a high purity of the CNTs, CVD 
is an economical and practical technique for their commercial production.39,46 The 
comparisons between these methods are presented in Table 1.1. 
 
            Table 1-1. Comparisons of three major CNT synthesis techniques.36 
Note: Y, yield; CNT, carbon nanotube; CVD, chemical vapor deposition; MWCNT, 
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CNTs have turned out to be one of the most dynamic fields within nanotechnology and 
nanoscience due to their extraordinary properties which make them appropriate for 
numerous potential applications including electronic devices, reinforced materials, 
hydrogen storage, and catalysis.48,49  
CNTs can be an attractive alternative to conventional supports for many reasons, 
including thermal stability; and the absence of microporosity (for MWCNT) which can 
eventually affect the catalytic activity.25 Moreover, one of an important element in 
which the MWCNTs are considered to be a good support for catalysts is their inherently 
mesoporous structure. Their pore sizes allow for diffusion, reaction and desorption of 
chemical species.50  
 
 
1.1.5.4. Catalysts Preparations Methods 
 
 
The synthesis method has an impact on the structure, composition, morphology, 
dispersion, and the performance of the catalyst.51 In order to achieve high performance 
and minimize the cost of the catalyst, high dispersion of the metal nanoparticles on a 
support needs to be accomplished.52 Most of the preparation methods need filtering 
and washing, and some of those procedures are time-consuming and cause loss of noble 
metals.  
Some methods also require the use of polymers or surfactants as stabilizers, but the 
elimination processes for these materials becomes problematic.51 The impregnation 
method is one of the most common procedures employed,18 which is a straightforward 
preparation method involving an impregnation step followed by a reduction with no 
need of washing or filtering steps.  
Due to the ease and simplicity to control metal loading, this is a well-established catalyst 
preparation procedure. In this method, the volume of a solution including a precursor 





If the volume of the solution used is either less or equal to the pore volume of the 
support, the technique is described as “incipient wetness”. On the other hand, when an 
excess of solution is used, the technique is referred as “wet impregnation” where the 
excess solvent is removed by drying.53  
 
 
1.2. State of the Art in the Catalytic Hydrogenation of Biomass 
Derived Acids   
 
For over hundred years, chemical manufacturers have been using petroleum, coal, and 
natural gas to deliver the majority of industrial products, such as methane, ethylene, 
and alcohols.54 Unfortunately, the burning of fossil resources increases the levels of CO2 
concentration in the earth atmosphere which has a direct effect on our global climate.55 
The emissions of carbon dioxide (CO2), diminishing fossil supplies and unstable prices of 
the petro-derived raw materials have resulted with an urge to develop green and 
sustainable processes that can produce chemicals at a low cost, and an environmentally-
friendly safe manner using renewable feedstocks.56  
Nature offers a variety of plant resources, which represents a broad range of biomass 
feedstocks.57 In ecology, biomass is the mass of living biological organisms in a specific 
area at a given time, and it contains microorganisms, animals or plants.58 Biomass 
feedstocks can be categorised into: sugars (e.g., glucose, starch, etc.), lignocellulosic or 
woody biomass, triglycerides (e.g., vegetable oil), and living organisms. Lignocellulosic 
biomass is a source of carbon which could be used to manufacture renewable chemicals 
and liquid fuels.59 Moreover, it is an inexpensive, abundant, and rapid growing form of 
biomass. Lignocellulose consists of three key building blocks (polymers): cellulose, 





Cellulose is a long-chain structural component of glucose monomers connected by β-
(1,4)-glycosidic bonds.60 Hemicellulose is a polymer based on hexose (D-galactose, D-
glucose, D-mannose) and pentose sugars (L-arabinose and D-xylose), whereas lignin is a 
polymer derived from coumaryl, coniferyl, and sinapyl alcohols.60,61 Typically, 
lignocellulosic biomass contains around 35–50 % of cellulose, 25–30 % of hemicellulose, 




Figure 1.6. Lignocellulosic biomass, (a) cellulose, (b) hemicellulose and (c) lignin. 
Adopted directly from Sebayang et al.60 
 
On an industrial scale, the enzymatic hydrolysis of starch is used to yield glucose.63 The 
U.S. Department of Energy (DOE) identified sugars as an accessible chemical derived 






Catalytic conversion of the compounds (building blocks) mentioned above can give a 
variety of new chemicals. Specifically, hydrogenation of succinic acid (SA), levulinic acid 
(LA) and cis, cis-muconic acid (MA) are studied in the present work. 
 
Figure 1.7. Department of Energy's top bio-based products from bio-refinery 
carbohydrates. Adopted from Werpy et al.64  
 
 
1.2.1. Succinic Acid 
 
 
Dicarboxylic acids are particularly well-known chemicals which can be manufactured by 
the biological and chemical treatment of biomass.65 The ability to produce significant 
dicarboxylic acids from inexpensive and renewable biomass is exceptionally desirable.66 
Succinic acid is one of the most critical dicarboxylic acids. The name is derived from the 
Latin name “succinum” which means amber. Georgius Agricola isolated SA for the first 
time in 1546 via distillation of amber.67 Very often succinic acid is also called amber or 





Succinic acid is an odourless, colourless solid, soluble in water at room temperature. It 
plays a significant role in the metabolisms of numerous organisms.68 Succinic acid is 
typically used in the food industry as it does not represent any health hazard on human 
metabolism as an additive.69 Currently, the chemical industry mainly produces succinic 
acid from an oil. However, a fermentation route from biomass is a promising alternative.  
 
1.2.1.1. Oil based Succinic Acid Production 
 
Succinic acid is predominately manufactured from fossil resources by petrochemical 
processes. Scheme 1.1 displays the oxidation of butane to maleic anhydride, followed 
by hydrogenation to succinic anhydride and further hydrolysis to succinic acid.  
 
 
             
 Scheme 1.1. Petroleum-derived of succinic acid. 
 
Another possible route is via the hydration of maleic anhydride to maleic acid, followed 
by subsequent hydrogenation into SA.70 The petrochemical process is a well-established 
technology which permits the manufacture of SA with insufficient yields.71 However, SA 
synthesis from fossil resources might become unfavourable because of unstable oil 
prices manufacture of SA could be achieved through fermentation.  Currently, there are 
several companies which commercialise bio-succinic acid using different organisms such 
as Myriant (USA), BioAmber (Canada), Reverdia (Netherlands), BASF-Purac JV (Spain) 






Using the DuPont license, BioAmber is scaling up the bio-succinic acid production in 
China in a joint venture with South Korean CJ CheilJedang Corporation to multi-ton 
capacity.74,75 Some of the critical facts on microbial succinate fermentation are 
summarised in Table 1.3.72   
 
Table 1-2. Industrial production of Succinic acid from biomass feedstock. Adopted 
from Becker et al.72 
 
Bio-based SA production technology involves a fermentation step followed by recovery 
and purification steps. In the fermentation process, succinic acid is manufactured by 
microorganisms such as Escherichia coli and A. succinogenes using glucose as a 
fermentation feedstock.64 The last steps consist of the elimination of impurities and 
conversion of succinate salts into a free acid form, followed by refining SA to its 
necessary purity, and crystallisation.76  
Based on Scheme 1.2, during succinic acid manufacture, one mole of glucose and two 
moles of CO2 are used to create two moles of succinic acid. The production of SA by 
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This process is, therefore, a green process. Bio-succinate has been used successfully in 




                           Scheme 1.2. Synthetic scheme of bio-based SA by fermentation. 
 
Succinic acid has a variety of uses in industries such as food, chemicals, and 
plastics, besides, a wide range of derivatives can be produced from it. In the year 2011, 
the price of petroleum-based succinic acid was around USD 2,600 per metric tonnes 
whereas the bio-based succinic acid was nearly USD 3,000 per metric tonnes. However, 
the cost of bio-based succinic acid decreased to USD 2,860 per metric tonnes in 2013 
onwards.73 The global succinic acid market is expected to progressively grow at a 
compound annual growth rate of about 27.4 %, and it might reach $1.8 billion in 2025.69   
Succinic acid could be an economical intermediate for the manufacture of numerous 
commodity chemicals. The market of succinic acid could be even broader if the 
production costs were lowered.78 The most important group of possible succinic acid 
derivatives contains molecules synthesised via hydrogenation: tetrahydrofuran (THF), γ-
butyrolactone (GBL) and 1, 4-butanediol (BDO). Beside these derivatives, there are other 
products which could be produced from succinic acid, such as 2-pyrrolidone, 
succinimide, maleic acid, butyric acid, butanol, and propanol.79 Figure 1.15 shows the 








Figure 1.8. Potential uses of bio-based Succinic acid. Adapted from Berezina et al. 80 
 
1.2.1.2. Reduced Derivatives of Succinic Acid 
 
 
Some of the reduced derivatives of succinic acid such as GBL, BDO, and THF are produced 
from maleic anhydride. In the future, succinic acid may replace maleic anhydride to 
manufacture these chemicals.81 This has motivated researchers all over the world to 
investigate different catalysts and reaction conditions to make these transformations 
feasible. 
 
1.2.1.2.1. γ-Butyrolactone  
 
 
GBL is a lactone (cyclic ester) which finds applications as a common solvent for polymers, 
stain remover, and paint stripper.82 Many researchers have accomplished yields higher 
than 90 % GBL, specifically from the hydrogenation of maleic anhydride and succinic 






Table 1.4 displays the catalytic data reported in the literature that targets GBL selectivity 
in the hydrogenation of succinic acid. 
 
      Table 1-3. Overview of the results of the hydrogenation of succinic acid to GBL from literature. 
Note: T, temperature; P, hydrogen pressure; t, time; X, conversion (%); S, selectivity 
(%); PS, metal particle size (nm); NA, not available; TOF, turnover frequencies (h-1).  
Entry  Catalyst 
T, 
°C 








1 4%Re/C 240 H2O 10 80 91 59 




2 0.6%Re/C 200 
1,4-
Dioxane 





3 5%Ru/C 240 
1,4-
Dioxane 
8 60 90 74 







200 H2O   33 100 34 99 











8 100 65 39 



















The Table 1.4 shows that the hydrogenation of succinic acid depends on the choice of 
noble metal, support, and solvent. 1,4-dioxane was preferred as a solvent in the 
hydrogenation of succinic acid to GBL. The authors obtained good activity in shorter 
reaction times when compared to the reaction in aqueous solution due to the higher 
solubility of hydrogen in 1,4-dioxane.91 Di et al. 85 performed the reaction in water using 
4 % Re/C and they achieved low selectivity to GBL (59 %) after 10 h at 240 °C and 80 bar 
H2 whereas another study accomplished 88 % selectivity to GBL at a lower temperature 
(200 °C) and in 7 h reaction time with the use of 1,4-dioxane as solvent (Table 1.4, entries 
1 and 2).86  
The use of Ru based catalysts in the hydrogenation of succinic acid mainly produced GBL, 
which was then further converted to 1,4-butanediol and THF to a lesser extent.81 Pd 
catalysts showed high selectivity to GBL, no matter which support was used. At low 
reaction temperatures, Pd is inactive for most hydrogenation reactions including 
aromatic rings,92 likewise, in the hydrogenation of succinic acid. As shown in Table 1.1, 
the reaction requires high temperature and high hydrogen pressure when using H2O. 
Zhang et al.88 performed the reaction 200 °C and 100 bar to be able to achieve 34 % of 
succinic acid and 99 % selectivity for GBL using 0.1 % Pd/ zirconia (Table 1.4, entry 4).88 
The study also concluded that as the Pd loading increased (0.2, 0.5, and 1 %), the 
conversion increased, whereas selectivity for GBL decreased.  
The size of Pd particles could be highly affected by different pore size in the mesoporous 
support materials. Chung et al.89 synthesized Pd catalysts supported on mesoporous 
silica (MCM-41 and SBA-15). The authors found that large Pd particles were prepared on 
small pore size support (MCM-41), however, using SBA-15 which has larger pores 
prompted the formation of smaller Pd particles and improved the catalytic activity. 10 
% Pd/SBA-15 was able to convert 65 % of succinic acid and the selectivity to GBL was 






One of the elements which could be responsible for low activity in Pd catalyst is the 
agglomeration of Pd particles. The interaction between the Pd particles and the support 
can affect the catalytic properties of Pd catalysts by affecting the particle size. 90,93 The 
Sol-gel method was better for preparing Pd catalyst than other conventional methods 
such as impregnation. 94 You at el.90 successfully prepared Pd/SiO2-NH2 with Pd average 
size of 1.1 nm by utilizing 3-(2-aminoethyl amino) propyltrimethoxysilane (AAPTS) as 
stabiliser agent. The stabilizer strengthens the interface between the support and Pd 
particles which leads to highly dispersed particles and prevents agglomerations. The 
study found 94 % selectivity to GBL with 100 % SA conversion using 1% Pd/SiO2-NH2 at 
60 bar hydrogen pressure and 240 °C high reaction temperature (Table 1.4, entry 6).  
Palladium particles supported on alumina xerogel were synthesized in small sizes and 
high dispersion compared to using AC as a support in which it affect the reactivity of a 
given catalyst.94 Pd seems to be a selective catalyst to produce GBL in the hydrogenation 
of succinic acid. However, Pd catalysts might need further improvement to be more 
active in mild reaction conditions since most of previous works have been done in very 
harsh reaction conditions which could not be suitable for demanding industries.  
 
1.2.1.2.2. Tetrahydrofuran  
 
 
THF is an important organic solvent, which is used a precursor of a series of polymers, 
such as tetrahydrothiophene, polytetramethylene ether glycol (PTMEG), polyurethane 
elastomers, and polyvinyl chloride (PVC).23,95,96 Currently, THF can be manufactured by 
several petrochemical processes such as the hydrogenation of maleic anhydride,97 
oxidation of butadiene,98 and dehydration of BDO.99 The most commonly used industrial 
process involves the acid-catalysed dehydration of BDO, with yield higher than 90 %.99 
Therefore, finding a green platform that can substitute these feedstock is attractive.100 
In 2017 the global THF market has exceeded 800 thousand tons, according to a report 





Succinic acid can readily be produced by fermenting biomass in biorefineries, therefore, 
the production of THF from this source has attracted much attention recently.23,102,103 
THF is one of the last products in the consecutive reaction pathway of SA hydrogenation 
and offers some challenges regarding selectivity and reaction time. Table 1.5 
summarises the catalytic data reported in the literature which targets THF production 
from succinic acid hydrogenation reaction. 
 
        Table 1-4. Overview of the results of the hydrogenation of succinic acid to THF from 
literature. 
Note: T, temperature; P, hydrogen pressure; t, time; X, conversion (%); S, selectivity (%); 
PS, metal particle size (nm); NA, not available; TOF, turnover frequencies (h-1).  
 
 
Various Starbon® supported metal catalysts have been used by Luque et al.104 for the 
hydrogenation of SA using ethanol/H2O as solvent (the role of ethanol in the reaction is 
unclear). Ru supported on Starbon® favoured the formation of THF from succinic acid 
where the reaction was performed at 100 °C, 10 bar H2 pressure, and long reaction times 
(24 h). 90 % SA conversion and 60 % selectivity for THF was accomplished (Table 1.5, 
entry 1).  
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Hong et al.23 pre-graphitized ruthenium–carbon (Ru–XC) catalysts at temperatures 
(200–400 °C) and prepared them via a single-step surfactant-templating method. The 
reaction was performed at 240 °C and 80 bar H2 pressure. The results were affected by 
the pre-graphitization temperature in which different Ru particles size were obtained. 
The smallest Ru particle size (ca. 3.5 nm) catalyst exhibited the highest THF yield (46 %) 
in 4 h reaction time at (91 %) of SA conversion (Table 1.5, entry 2). 
The same group later prepared Re catalysts supported on H2SO4-treated mesoporous 
carbons by incipient wet impregnation with different acid concentrations up to 1.                           
The Re(0.4)-MC showed the highest surface area and the lowest particle size for Re. 
However, Re catalyst showed less selectivity for THF, the study achieved 38 % selectivity 
to THF at 100 % conversion with the 0.4 M treated catalyst. (Table 1.5, entry 3).105  
 
1.2.1.2.3. 1, 4-Butanediol 
 
In the biomass refinery, the hydrogenation of carboxylic acids to their corresponding 
diol or alcohols is considered to be one of the most significant chemical reaction.65 
Selective hydrogenation of fermented biomass based acids such as lactic acid, acetic 
acid, and succinic acid can produce 1,2-propanediol, ethanol, and BDO respectively. 1,4-
butanediol is a valuable 4-carbon, straight-chain alcohol.106 BDO is a significant 
commodity chemical used to manufacture over 2.5 million tons of valuable polymers 
annually.107 BDO is expected to have a future demand and in February 2017 a report by 
Grand View Research Inc. indicated that the BDO global market is expected to reach USD 
12.6 billion by 2025.108  
BDO is an important starting material for the synthesis of fine chemicals such as THF.109-
111 Dehydrogenation of BDO in the presence of a Ru catalyst gives GBL whereas at high 
temperature in the presence of phosphoric acid gives THF. GBL can be further converted 
to pyrrolidin-2-one and N-methyl-pyrrolidone, which are useful organic solvents. These 





Important polymers could be also produced from BDO such as polybutylene 
terephthalate (PBT), polyethers, polyurethanes, and other polyesters.112 PBT possesses 
good thermal stability and great mechanical properties, which makes it suitable for the 
automotive and electrical industries.113 Within the plastics industry, adipic acid (AA) is 
one of the main building blocks with a market of around 3 million tons per year. Using 
rhodium-based catalysts, the catalytic carboxylation of BDO to AA has been reported.75 
The reaction is well-studied (1970) and it is achieved at 175 °C and 48 bar of CO, which 
yields about 74 % of AA at 100 % BDO conversion.75  
There are five well-known chemical based processes for manufacturing BDO which are 
summarised in Scheme 1.3. The ‘Reppe Process’ named after the chemist Walter Reppe 
is one of the earliest technologies to produce BDO (Scheme 1.3 A).111 
The Reppe process consists of using ruthenium and rhodium catalysts. Formaldehyde 
and acetylene are used as feedstock in this multi-stage process.110,114 However, the 
process suffers numerous disadvantages, such as the hazardous nature of formaldehyde 
and acetylene.  
The second process is called the Lyondell process, where the starting raw material is 
propylene oxide. It is converted to allyl alcohol, followed by its hydro-formylation into                                                        
4-hydroxybutyraldehyde. This is hydrogenated to BDO during the last step (Scheme 1.3 
B).111  
The third process is the butadiene acetoxylation, patented by Mitsubishi-Kasei (Scheme 
1.3 C). The reaction between acetic acid and butadiene in the presence of oxygen, gives 
1,4-diacetoxy-2-butene which upon catalytic hydrogenation via saturated intermediate 
is further hydrolysed to BDO.111 Butane is the starting material for the fourth and fifth 










In the fourth route, selective oxidation of butane to maleic anhydride takes place in the 
gas phase using vanadium oxide or vanadium phosphorous oxides as catalysts after 
reaction with methanol, BDO can be produced throughout the reduction of the resulting 
dimethyl maleate.111 
The last recognised chemical process is the Davy McKee process, which is based on the 
esterification of maleic acid and its subsequent hydrogenation.111 Hydrogenation of 
maleic anhydride is another common process available in industry and one of abundant 
method to produce BDO.115 Maleic anhydride is hydrogenated to succinic anhydride, 






Due to the increase of succinic acid production in the bio-refinery process, direct 
hydrogenation of SA might be soon the economical chemical process to produce BDO.                 
Figure 1.15 shows the hydrogenation pathways of SA (highlighted in blue colour) which 
have been suggested in previous studies.87,94 The first step is the hydrogenation of SA to 
produce GBL, followed by the consecutive hydrogenation of GBL to give BDO or THF 
depending on the reaction conditions. Table 1.6 summarises the catalytic data reported 
in the previous literature on hydrogenation of succinic acid to BDO.  
Luque and co-workers,104 used a Starbon®, polysaccharide-
derived mesoporous materials, as a support for different precious metal catalysts to 
hydrogenation of succinic acid at mild reaction conditions (100 °C, 10bar H2 pressure, 
24h). They used 3:5 mixtures of ethanol in water as solvent where the role of ethanol in 
the reaction is unclear. Pt/Starbon® and Rh/Starbon® exhibited high selectivity to 
produce BDO.104 The maximum selectivity to BDO was 90 % and 85 % over Rh/Starbon® 
and Pt/ Starbon® respectively (Table 1.6, entry 1 and 2). Apart from Luque report, no 
other study has accomplished high selectivity for BDO using monometallic catalysts and 
in mild reaction conditions. Ru/Starbon® displayed high selectivity for THF.  
Also, Ru catalyst supported on carbon showed 34 % selectivity for BDO (Table 1.6, entry 
4). The reaction was performed in harsh reaction conditions (240 °C, 60 bar). The study 
detected by-products which might be due to C-C cleavage. Ru based catalysts seem to 
be unselective for BDO.  
Bimetallic catalysts have shown more selectivie to BDO in some reports.86,117,118 Re-
modified precious metal catalysts were successfully studied for hydrogenation of SA to 










Table 1-5. Overview of the results of the hydrogenation of SA to BDO from literature. 
Note: T, temperature; P, hydrogen pressure; t, time; X, conversion (%); S, selectivity 
(%); PS, metal particle size (nm); NA, not available; TOF, turnover frequencies (h-1).  
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Minh et al.119 reported that Ru and Pd monometallic catalysts supported on carbon are 
less selective to BDO. However, when Re was added to those monometallic catalysts, 
the reactivity and selectivity improved. At the same reaction conditions, the formation 
of BDO increased and achieved selectivity up to 66 % (77 h) and 62 % (51 h) for Re-Pd/C 
and Re-Ru/C respectively (Table 1.6, entry 5 and 6). The study used very high hydrogen 
pressure (150 bar) and a very long reaction time to achieve these results. 
The same group used TiO2 instead of carbon to support Re-Pd catalyst and at the same 
reaction conditions (160 °C and 150 bar) increased the selectivity for BDO to 83 % (42 h) 
in short reaction time.106 Due to the low solubility of H2 in water, high hydrogen pressure 
is needed to produce BDO in high yield (Table 1.6, entry 7).  
Kang et al.86 studied the activity of the Re–Ru/C bimetallic catalyst for succinic acid 
hydrogenation in 1,4-dioxane. 0.3% Re-0.3% Ru/C displayed the best catalytic activity 
for BDO production with 71 % selectivity at 100 % conversion of succinic acid. Thanks to 
the high solubility of hydrogen in 1,4-dioxane since the reaction was done in 7 h reaction 
time with less severe reaction conditions (80 bar H2 pressure and 200 °C).86 The role of 
Re was not clarified in those reports due to the similar metal atomic sizes. Re can be 
miscible with other metals such as Ru, Pt, and Pd which complicated the characterisation 
results.86,121 The combination of rhenium and noble metals caused difficulty in structural 
and chemical analysis (Table 1.6, entry 8). 
Non-precious-iron is cheaper than Re and recently, Fe was successfully used as a 
promoter for Pd catalysts not only to enhance the activity but also to tune the selectivity 
(Table 1.6, entry 9).122 Liu et al.122 carried out the reaction in water with Pd catalysts 
modified with FeOx. Doping Pd with Fe improved the dispersion of the Pd particles which 
increased the activity of the catalyst. FeOx acted as a Lewis acid sites on the catalysts 





Due to the high acidity of the Pd catalyst after introducing Fe, 70 % selectivity of BDO 
was obtained full conversion of SA. The reaction was performed under the relatively 
mild conditions of 200 °C and 50 bar H2 but still in long reaction time (50 h).122  
Apart from Luque et al.104 study where they did not use any promoter, using a promoter, 
i.e., Re and FeOx seems to be significant to promote the formation of BDO. The high cost, 
and the difficulty to characterizing Re based catalysts and a long reaction time that Fe 
was required to increase the selectivity for BDO, opened an opportunity to develop 
better catalytic system where high selectivity to BDO can be achieved in short reaction 
time.  
 
1.2.2. Levulinic Acid 
 
 
Levulinic acid (LA) is a short-chain fatty acid having and an acidic carboxyl group and a 
ketone carbonyl group, also known as 4-oxo-pentanoic acid. LA is one of highly 
demanding chemical since according to a study by Grand View Research, Inc., the global 
levulinic acid market demand is expected to reach 3,820 tons by 2020.123   
LA can be produced in a decent yield at both semi‐industrial scale and laboratory scale 
by acid hydrolysis of lignocellulosic biomass via heterogeneous or homogeneous 
catalysts.124 levulinic acid is used as a food flavouring agent, solvent, and starting 
material for the preparation of a variety of chemicals and pharmaceutical compounds.125 
Reduction of levulinic acid is done using noble metal catalysts, i.e., Pt, Pd, Au, and Ru, 
which show high selectivity to γ-valerolactone.59,126 However, depending on the reaction 
conditions and the catalyst, different products could also be produced from the catalytic 






The catalytic hydrogenation of levulinic acid involves a two-step sequence: 
hydrogenation of levulinic acid to 4-hydroxypentanoic acid (4-HPA) followed by 
dehydration to form GVL, as shown in scheme 1.4 along with other useful compounds 
that can derive from levulinic acid.126 GVL is hydrogenated to 1,4-pentanediol (PDO), 
which dehydrates to 2-methyltetrahydrofuran (2-MTHF).63 GVL can be used as fuel.127 




                      Scheme 1.4. Useful compounds derived from LA. Adopted from Balla et al. 128 
 
PDO is another highly valuable product from LA, which has huge potential as a monomer 
for the production of polyesters.65 There are few studies focusing on producing PDO 
from LA. A possible explanation is the high stability of the lactone ring structure in GVL, 
which inhibits the sequential hydrogenation process.129 On the other hand, the 
formation of PDO depends on the reaction temperature. At higher temperatures, 
consecutive conversion of PDO into 2-MTHF and alcohols such as 1-pentanol, 2-





Table 1.7 presents the catalytic data reported in previous studies which target PDO from 
LA. Until 2013, only homogenous organometallic catalysts based on Ru(acac)3 and a 
Bis(diphenylphosphinoethyl) phenylphosphine (triphos) ligand have been reported for 
the hydrogenation of LA to PDO with excellent performance.30 At 140 °C and under 150 
bar of H2 pressure, Corbel-Demailly et al.130 used 3 different catalysts to study this 
reaction in an aqueous medium. They found that Ru/C is a more active catalyst than 
Pd/C. Promoting these catalysts with Re resulted in high activity for the hydrogenation 
of LA to PDO. 1.9% Ru-3.6% Re/C produced 82 % selectivity to PDO at 100 % LA 
conversion (Table 1.7, entry 1).130  
 
 
      Table 1-6. Overview of the results of the hydrogenation of LA to PDO from literature. 
Note: Sol;solvent, T, temperature; P, hydrogen pressure; t, time; X, conversion (%); S selectivity 
(%); PS, metal particle size; NA, not available; by-products: 2-pentanol, 1-pentanol, 2-methyl-
tetrahydrofuran, and alkanes.  
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Li et al.65 first reported the selective aqueous phase hydrogenation of levulinic acid to 
PDO using Mo-modified Rh/SiO2 catalyst (Table 1.7, entry 2).The selectivity was 1.1 % 
(PDO) when 4% Rh/SiO2 was used. However, Mo-modified Rh/SiO2 catalyst increased 
the selectivity of PDO to 70 % using 10 wt. % levulinic acid aqueous solution. 
Mizugaki et al.132 developed a hydroxyapatite-supported platinum–molybdenum                             
(Pt-Mo/HAP) bimetallic catalyst for the hydrogenation of LA to PDO using water as 
solvent under mild conditions (130 °C and 50 bar H2 pressure) at a levulinic acid/catalyst 
weight ratio of 1.2. The Pt–Mo/HAP system produced 93 % of selectivity to PDO at                
100 % LA conversion (Table 1.7, entry 3).132  
Mo species encourage the hydrogenation steps acting as Lewis acid sites activating the 
carbonyl group of GVL.132 The long reaction times and expensive noble metals required 
to achieve PDO in high yields suggest that developing a low cost, greener, and more 
efficient system for the synthesis of 1, 4-pentanediol from LA is challenging matter but 








1.2.3. cis,cis-Muconic Acid  
 
 
cis,cis-Muconic acid (ccMA) is a di-unsaturated dicarboxylic acid with six carbon atoms. 
ccMA is a promising oxygen-rich platform molecule that can be manufactured from 
sugar.133 ccMA is synthesised from glucose by fermentation using yeast (Saccharomyces 









ccMA might appeared as a promising platform molecule to produce highly industrial 
demanding molecules, i.e. adipic acid (AA), caprolactam, and hexamethylenediamine. 
These chemicals are fundamental building blocks for the production of nylon-6,6, 
polyurethanes and polyesters (Figure 1.16).135 Due to the high industrial importance of 
adipic acid, ccMA might be used to produce bio-renewable adipic acid in high scale in 
near future. 
 
            
Figure 1.9. Value added products obtained from Bio-based MA. Adopted from                                                






1.2.3.1. Hydrogenation of Muconic Acid to Adipic Acid  
 
 
Adipic acid is one of today’s most important building blocks in the plastics industry with 
a market of around 3 million tons per year. Every year, 2.6 × 106 tons are mostly used 
for the production of nylon 6,6.72 Scheme 1.5 shows the use of adipic acid along with 
1,6-hexanediamine (1,6-HDA) in the production of polyamide (PA 6,6 or Nylon 6,6). 
 
 
Scheme 1.5. The Production of PA 6,6. Adopted directly from Isikgor et al.136 
 
Nylon 6,6 is mainly used to produce fibres (fishing lines, tires, carpets, home furnishing, 
parachutes, luggage, and resins.137 Nylon resins are used in electrical connectors, auto 
parts, and items such as gears and self-lubricating bearings.138 Adipic acid is also used 
for manufacturing jams, gelatines, and polyurethanes.139 The present market price is 
$1500–$1700 per ton and its foremost producers are Rhodia, Invista, DuPont, BASF and 
Ascend.75 
Benzene is the commercial petrochemical source for adipic acid.140 Therefore, 
production of AA via environmentally friendly pathways is desired. The most recent bio-
renewable ways towards adipic acid are from sugars. The routes include pathways via 
glucaric acid, 5-hydroxymethylfurfural and MA. Figure 1.17 summarises both the 
alternative bio-renewable routes in light blue and the conventional petro-based routes 







Figure 1.10. The production routes to adipic acid, showing bio-based feedstock (green), 
bio-based platform chemicals (light blue), and existing petro-based routes (grey). Adopted 
directly from Beerthuis et al.75 
 
 
Rennovia developed a two-step heterogeneous catalytic route for the synthesis of adipic 
acid from glucose. In the process, glucose was aerobically oxidised to glucaric acid and 
Adipic acid was manufactured by hydro-deoxygenation with 89 % yield.140 Adipic acid 
can also be formed from glucose through a chemo-catalytic conversion of the bio-based 








 Scheme 1.6. Two-step process for the conversion of D-glucose to AA via the formation of 
ccMA. Adopted from Beerthuis et al.75  
 
ccMA can be easily hydrogenated into adipic acid under relatively mild conditions 
typically using noble metal supported catalysts in water or ethanol.141 Only a few reports 
can be found in the literature on the reaction of ccMA to AA, there are summarised in 
Table 1.8. 
 
Table 1-7. Overview of the results on the hydrogenation of ccMA to AA from literature. 
Note: T, temperature; P, hydrogen pressure; t, time; X, conversion; PS, metal particle size; Y, 
yield; NA, not available.  




























Niu and co-workers,142 were the first to investigate the hydrogenation of ccMA under Pt 
supported on active carbon catalysts, with 10 wt. % of metal (Table 1.8, entry 1). With 
H2 pressure (34 bar) and after 150 minutes of reaction time a 97 % yield of AA was 
achieved.142  
Vardon et al.134 performed a catalyst screening experiment to find highly active 
materials for ccMA hydrogenation at low pressure and temperature. The group used 
commercial noble metal catalysts including Pd, Pt, and Ru supported on carbon. They 
reported that Pd/C was by far the most active catalyst (Table 1.8, entry 2). Under 4 bar 
hydrogen pressure, room temperature, and using ethanol as a solvent, they obtained 
>94 % yield of AA after <3 minutes of reaction time.134  
The same group tested platinum group metals catalysts (e.g. Pt, Ru, Pd, Rh) supported 
on silica and activated carbon.143 The study has found that Pd and Rh were both active 
compared to Ru and Pt. However, 1 % Rh/AC showed the best catalytic activity due to 
high dispersion of Rh on AC, and the high surface area compared to another tested 
catalyst (Table 1.8, entry 3). 99.8 % yield of adipic acid was achieved in 35 min using 
ethanol at mild conditions (25 °C, 25 bar H2 pressure).143  
These days, preparing new catalysts system where less expensive catalyst is more 
desired. One of the most element that could be alternative to noble metals in 
hydrogenation reaction is nickel (Ni). Ni is ten times cheaper than Pt.139 Scelfo et al.139 
used less expensive Ni-based catalyst and milder reaction conditions to hydrogenate 
ccMA to adipic acid. The group prepared efficient Ni-based catalysts through the 
incipient-wetness impregnation method and performed the reaction in water (Table 1.8, 
entry 4). The study concluded that 14.2 % Ni/Al2O3 could be a potential substitute for 
supported noble metal catalysts for the hydrogenation of ccMA. Full ccMA conversion 
with 99.8 % yield of adipic acid was achieved under 10 bar H2 pressure, 60 °C, and 5 





Hydrogenation of ccMA to AA is relatively easy to curry out in comparison with the 
production of other products such as 1,6-hexanediol. Therefore, developing highly 
efficient catalytic hydrogenation systems with less expensive is highly recommended to 
fulfill the industrial demands.  
 
1.2.3.2. Hydrogenation of Muconic Acid to Caprolactone  
 
Caprolactone (ECL) is used to manufacture polymers for industrial applications such as 
polycaprolactone and polyglecaprone 25.136 There is a significant application of 
polycaprolactone as a biomaterial with a specific focus on medical devices.144 Another 
significant industrial application of ECL is the production of caprolactam, which has been 
broadly used in the polymer industry with a yearly manufacture of about 4 million 
tons.145 
In fact, the majority of ECL is used for the commercial manufacture of caprolactam, of 
which around 90 % is processed to nylon-6, and the leftover 10 % is utilized for the 
production of other plastics.136 
In 1974, Takahashi et al.146 prepared caprolactam after reacting ammonium hydroxide 
with ECL in the presence of ammonium sulfonate. Caprolactam nowadays is 
manufactured at large scale from cyclohexanone.147 However, when using extremely 
aggressive reagents, the unwanted ammonium sulphate is formed as by-product, 
making this process unfavourable for the production of caprolactam.147  
Therefore, finding alternative routes is highly desired. Buntara et al.145 were the first 
group to propose a route to produce bio-derived caprolactam specifically from HMF. 
However, they used many steps to achieve their goal. They firstly started from HMF to 
HDO and then to ECL. In their process, HDO was firstly oxidised to its corresponding 
monoaldehyde, which cyclised to lactol, followed by the dehydrogenation of the lactol, 





Scheme 1.7 shows the synthetic route for the conversion of HMF, via 1,6-hexanediol, 
into caprolactam. This bio-route from HMF still needs some improvement to increase 
the yield and reduce the cost.136 Also, the HMF route to caprolactam is limited by the 
yield of HDO, as the yield of bio-based HDO is not high enough when using HMF as 
feedstock (ca. 57.8 %).  
 
            
 Scheme 1.7. Synthetic routes for the conversion of HMF into caprolactam. Adopted from 
Buntara et al.145 
 
 
Silva et al.148 produced ECL from the hydrogenation of dimethyl adipate in 1,4-dioxane 
over a Ru-Sn/TiO2 catalyst under comparatively harsh conditions (255 °C and 50 bar). 
The study reports a low conversion of 21 % and low selectivity to ECL (22 %).148  
Bio-derived ccMA can be a potential alternative to HMF and dimethyl adipate for the 
manufacture of ECL which could further be used for the synthesis of caprolactam. We 













1.2.3.3. Hydrogenation of Muconic Acid to 1, 6-Hexanediol 
 
 
1,6-hexanediol (HDO) is a versatile diol with two primary hydroxyl groups. HDO is widely 
used in the production of polyesters, polyurethane elastomers for adhesives, coatings, 
and polymeric plasticisers.149  
Compared with the polyesters commonly synthesised from ethylene glycol such as 
polyethylene terephthalate (PET), polyesters made from 1,6-hexanediol have better 
properties in terms of hydrolytic stability, flexibility, and caustic resistance. HDO can be 
produced from HMF and used as an intermediate to produce other valuable polymers 
such as PA-6,6 and Ethernacoll.  
In 2000, the worldwide manufacture of HDO was close to 33,000 tons per year.150 At the 
present time, most of the 1,6-HDO production is obtained from petrochemical sources 
via multiple reactions, including cyclohexane oxidation or the hydrogenation of adipic 
acid.151 As much attention has been paid to biomass refinery, finding a biomass derived 
route for the synthesis of HDO is desired. Hydrogenation of adipic acid or its esters, and 
hydrogenation of HMF are also potential routes to 1,6-HDO.151 HMF is one of the 
chemicals that can be produced also from glucose or fructose. Several homogeneous or 
heterogeneous catalysts including zirconium phosphate supported Pd, Rh–ReOx/SiO2, 
RuSn/TiO2, and Cu–Zn–Al catalyst have been successfully prepared HDO.150,152,153  
Various useful chemicals have been successfully produced from HMF such as                                           
2,5-furandicarboxylic acid, 2,5-diformylfuran, SA, LA and 2,5-dimethylfuran.152 Table 1.9 
below summarises the production of 1,6-HDO from HMF via catalytic hydrogenation 








        Table 1-8. Overview of the results on the hydrogenation of HMF to 1, 6-HDO from literature. 
Note: T, temperature; P, hydrogen pressure; t, time; X, conversion; PS, metal particle size; 
S, selectivity; Y, yield; (%) NA, not available; by-products, HDN, 2,5-hexandion; HTO, 1, 2, 6-
hexanetriol; FA, formic acid; others: methyl furfural, tetrahydrofuran-dimethanol, and 2,5-
dimethylfuran. 
  
The selective production of 1,6-hexanediol from HMF however is difficult to accomplish, 
as there are several competing compounds that can be formed along with HDO, as 
shown in Scheme 1.8. Buntara et al.150 reported two to five-step process to synthesise 
HDO from HMF. HDO was formed from HMF throughout 1,2,6-hexanetriol, the study 
has achieved 73 % selectivity for HDO in the reaction conditions of 18 °C and 80 bar 
(Table 1.9, entry 1). Alternatively, using formic acid as a hydrogen source, the one-pot 
conversion of HMF to HDO was developed by Tuteja et al.152 The study reported 43 % 
yield for HDO (HMF conv. 96.9 %) over Pd/zirconium phosphate (ZrP) catalyst after 21 h 
reaction time at 140 °C  (Table 1.9, entry 2).152 The study claimed that the acidity of the 
support surface speeded up the cleavage of C-O bond in a furan ring 
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              Scheme 1.8. Hydrogenation of HMF to HDO. Adopted from Buntara et al.145  
 
 
In 2015, Xiao et al.154 used Pd/SiO2 + Ir–ReOx/SiO2 to synthesise HDO. 57.8 % yield of 
HDO from biomass-derived (HMF) was obtained using a solution of 40 % water and 60 
% tetrahydrofuran with reaction conditions of 100 °C and 70 bar H2 (Table 1.9, entry 
3).154 The study reveals that high hydrogen pressure was beneficial to the formation of 
1,6-HDO by decreasing the formation of hexane and hexanol. 1,6-HDO formation was 
affected by use of the reaction solvent.  
At volume ratio 2:3 H2O and THF significantly improved the yield of HDO. However, the 
study indicated that the reason for the enhancement in activity is still uncertain. Finding 
another path to produce HDO is highly desirable. To the present date the yield of bio-
based 1, 6-hexanediol is modest when using HMF as feedstock (ca. 57.8 %). Bio-derived 







1.3. Thesis Outline 
 
 
It is difficult to hydrogenate the succinic acid, due to the low electrophilicity of the 
carbonyl carbon. Based on the literature, this reaction was done in mostly in high 
temperature and pressure and using 1,4-dioxane. 1,4-dioxane was used in the literature 
as it is an effective solvent, since the reaction proceeded fast compared to using water. 
Water is a green, abundant, and safe solvent compared to alcohols and especially 1,4-
dioxane which is toxic and succinic acid is produced by fermentation as an aqueous 
solution so using water would be an ideal. Therefore, an improvement in this process, 
such as the use of low temperatures and pressures or the introduction of a reactive 
metal-based catalyst, are needed.  
In view of this, we decided to compare the activity of Pd, Pt and Ru nanoparticles 
supported in different supports to establish their relative activity and application when 
using water as solvent in succinic acid hydrogenation. Additionally, we show for the first 
time that the use of carbon nanotubes and microwave reactor, can increase the rate of 
reaction for Pd, Pt and Ru in this reaction. Promoting Ru/CNT with tin was also 
successfully accomplished in this study since we could have enhanced the formation of 
1,4-butanediol by reducing hydrogenolysis by-products.  
The thesis is arranged into seven chapters and one Appendix as follows:  
In Chapter 1, Introduction, background about catalysis, carbon nanotubes, and 
measurement techniques. The chapter also contains an overview of the importance of 
biomass as a suitable replacement for fossil source in the production of chemicals. The 
catalytic transformations of biomass-derived succinic acid, muconic acid and levulinic 
acid to important chemicals and diols are reviewed. 
In Chapter 2, the experimental section is covered. The catalysts’ preparation methods, 





In Chapter 3, the catalytic performance of Ru supported on CNT is assessed in the liquid-
phase hydrogenation of succinic acid for the first time. To find optimum reaction 
conditions, different parameters, i.e., temperature, pressure and metal loading on the 
catalytic activity of Ru catalyst were studied. Reaction pathways are suggested and a 
recyclability of the Ru/CNT catalyst is described. 
In Chapter 4, a different Sn loadings (1,1.5,2,2.5, and 5 %) in 5% Ru-X% Sn catalysts were 
prepared using CNTs and AC as supports to compare their intrinsic activities and 
selectivity to diols in the hydrogenation of different bio-based acids such as succinic acid, 
levulinic acid, and cis,cis-muconic acid. 
Chapter 5, the liquid-phase hydrogenation of cis,cis-muconic acid has been studied using 
selective catalysts (Pd, Ru, and Ru-Sn) to produce three valuable products: adipic acid, 
caprolactone, and 1,6-hexanediol. 
In Chapter 6, the effect of a microwave reactor in the hydrogenation of succinic acid 
using various catalysts with different supports such as Ru, Pd, Pt, and Re supported on 
different supports were examined also for first time. The results are compared to the 
conventional heating reactor (pressure autoclave). The levulinic acid hydrogenation in 
microwave using best catalyst was reported as well.  
Finally, Chapter 7 presents the conclusions of this PhD thesis, together with proposed 
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Chapter 2: Experimental: Materials and Methods 
 
 
The purity, source of materials, the catalyst preparation procedure, and catalytic 
performance processes are described. We also introduce the instrumental setup of 
numerous characterisation techniques that have been used to characterise the catalysts 
that were used. 
 
2.1. Chemicals – Source and Purity 
 
 
Multi-walled carbon nanotubes (CNTs) typically with 6-8 tube walls, outside diameter 
10 nm, inside diameter 4.5 nm and length of 4 μm with a purity of (95 %) were 
purchased from Sigma-Aldrich Chemicals. Activated carbon (NORIT®SX PLUS) was 
received as a research sample from CABOT Corporation. Ultra-pure deionised water 
(18.2 MΩ) was used as a solvent for all tests. H2 and % N2 were supplied by BOC 
((certified as ultra-high quality (UHP)) N2 was used to purge the reactor before 
performing the reaction and H2 was used to reduce the catalysts and to perform the 
reactions. The chemicals listed in.  
 
Table 2.1 were used without further purification and bought from Sigma Aldrich except 
for GBL, gamma alumina and tin chloride which were purchased from Alfa Aesar, 











Table 2-1. List of chemicals, and their purity. 
 
 
2.2. Carbon Nanotubes Purification  
 
In all CNTs supported catalysts, the CNTs were washed with water to remove loosely 
bound impurities (ca. 0.6% Fe and 0.3% Co were found as major impurities after 
washing, mostly as  particles grown within the tube pore) which have been reported in 
the literature.155 The method is as follows: (1) Distilled water (300 mL) was added to a 
500 mL beaker and stirred (300 rpm) on a hotplate using a magnetic stirrer bar. (2) 1 g 
of pristine CNT (from Sigma-Aldrich) was then added. (3) The mixture (suspension) was 
left to stir for 4 h at room temperature. (5) The mixture was filtered using a Büchner 
funnel and washed with 1000 mL of distilled water. (6) The washed CNT was placed onto 
a watch glass (covered with aluminum foil) and dried in the vacuum oven overnight at 










succinic acid ≥99.0 levulinic acid 98 PdCl2 ≥99.9 
1,4-butanediol 99.0 1,4-pentanediol 99 RuCl3·xH2O 99.98 
γ-butyrolactone 99 γ-valerolactone 99 SiO2 99.8 
propionic acid 99.5 
cis,cis-muconic 
acid 
98 n-propanol 99.5 












2.3. Catalysts Preparation 
 
2.3.1. Monometallic Catalysts Preparation  
 
The catalysts were synthesised via the impregnation method, the method has been 
developed by our research group, Mai at el.156 as follows: (1) an appropriate amount of 
metal salt was placed in a 12-mL vial and dissolve it using 3 mL of deionised water.  
(2) The solution was mixed for 10 min on a hot plate with continuous stirring at room 
temperature and the solution turned black with a Ru precursor, dark brown with a Pd 
precursor, dark green with a Re precursor, and yellow with a Pt precursor.  
(3) A small amount (200 µl) of the resulting solution was added dropwise using a single 
channel pipette to 1 g of support, the support previously placed in the mortar, so all the 
surface was covered with the drops.  
(4) After each addition, the support and the metal solution were thoroughly ground with 
a pestle. The solvent was removed by drying in the oven at 120 °C for 5 min.  
(5) Step four was repeated until all the metal salt solution was consumed, followed by 
the addition of 0.5 mL of fresh deionised water to clean the vial that had a metal salt 
solution and this was added also onto the support.  
(6) The mortar with the prepared catalyst was covered with aluminium foil with small 
holes and placed in an oven overnight at 120 °C. 
(7) Before testing the catalysts, all of them were reduced in a Carbolite horizontal tube 
furnace (schematic diagram of this furnace is shown in (Figure 2.1) under H2 flow (60 mL 







 Figure 2.1. Schematic diagram of the furnace that used in this work 
 
 
2.3.2. Preparation of 5% Ru/unwashed CNT (Chapter 3) 
 
Pristine CNT was used directly without the water washing step. To prepare the catalyst, 
we applied the same procedure that was used in the monometallic catalysts preparation 
Section (2.3.1).  
 
2.3.3. Preparation of Ru Supported Inside of CNT (5% Ru (IN) CNT) (Chapter 
3) 
 
According to the process reported in the literature,157 5% Ru(IN)CNT was prepared by;(1) 
dissolving 0.1026 g of RuCl3 in 10 mL of acetone followed by the addition of 1 g of CNT 
where the latter looked like a paste. (2) The mixture (paste) was then placed into an 
ultrasonic bath for 0.5 h to obtain a homogeneous dispersion. The ultrasonic treatment 





This treatment also helped to remove the air and permit the migration of the Ru salt 
solution into the CNT channels.158  
(3) The mixture (paste) was heated in air at 1 °C/min up to 110 °C, held at 110 °C for 11 h 
to remove residual (4) Before testing the 5% Ru(IN)CNT it was also reduced under H2 
flow (60 mL min-1) at 400 °C with a heating rate of 5 °C min-1 for 4 h. 
 
2.3.4. Bimetallic (Ru-Sn) Catalysts Preparation (Chapter 4) 
 
An appropriate amount of ruthenium (0.1026 g of RuCl3) and tin salts (depending on the 
loading) were dissolved together in 3 mL of methanol due to tin chloride being insoluble 
in water (the colour of the solution was black). The catalyst was prepared from the 
resultant solution using the same synthetic procedure for a monometallic catalyst.  
 
 
2.4. Techniques for Catalyst Characterization 
 
To acquire valuable information about a given catalyst, such as the structure, surface 
area, number of active sites, optimum reduction temperature, and chemical states of 
the metal, different instrumental techniques were applied. In this section, the 
corresponding analytical techniques are described. 
 
2.4.1. X-Ray in Characterization Techniques 
 
X-rays are a form of electromagnetic radiation. The energy that comes from X-ray 
photons is significantly higher than that of light. When a given specimen is hit by a 
monochromatic beam of X-ray photons, three phenomena may happen which are 





There are three essential X-ray methods based on these fundamental phenomena: the 
scattering effect, which is the basis of X-ray diffraction, the absorption technique, which 
is the basis of the radiographic analysis, and the fluorescence impact, which is the 
foundation of X-ray fluorescence. X-ray techniques play a crucial role in providing 
information on the elemental composition and structure of matter.  
 
2.4.2. X-Ray Diffraction (XRD) 
 
 Theory  
 
 
X-ray powder diffraction is one of the main characterisation techniques used for solid 
materials. X-ray diffraction crystallography is an analytical technique based on the 
principle of diffraction, which is mainly used to provide information regarding the 
crystallinity of unknown crystalline materials such as minerals and inorganic 
compounds, as well as to provide the crystalline phases present.  
 
This principle is built on the fact that each crystalline solid has its sole fingerprint of x-
ray intensity.159  The peaks in an x-ray diffraction pattern are associated with the atomic 
distances. When the material is crystalline, incident x-ray beam interacts with the atoms 
that organized in a repeated pattern. When the incident wave hits the atom at a random 
angle, an interference of the reflected waves might be destructive or constructive.160             
In other words, interference patterns formed by excited atoms when single wavelength 
x-rays hit a crystal lattice. It should be noted that numerous patterns will interfere with 
one to another and cancel each other out. This phenomenon is called destructive 
interference, as shown in Figure 2.2, whereas at the right angle and distance these 
patterns can be in-phase with each other and constructive interference could happen 








Figure 2.2. Destructive interference of reflected waves. Adopted directly from web 




Figure 2.3. Constructive Interference of reflected waves Adopted directly from 
web page (Bragg's Law of Diffraction).160    
 
To attain constructive interference, the pathway variance between the two incidents 
and the scattered waves, which is 2dsinθ, should be a multiple of the wavelength λ. The 
equation below is known as the Bragg equation, which gives the relation between 
interplanar distance d and diffraction angle θ. It should be noted that each mineral has 









From the equation, d is the interplanar crystal spacing, θ is the angle of incidence or 
reflection of the x-ray beam, n is the order of the diffraction (1, 2,…), and λ is the x-ray 




The measurements were conducted using a Panalytical X’Pert PRO HTS X-ray 
diffractometer using Cu Kα radiation (λ = 0.154 nm). Prior to XRD studies, all catalysts 
were reduced in flowing H2 at (400 °C for 4 h). The powder diffraction patterns were 
recorded in the 2θ range of 4° to 90° for 60 min. 
 
2.4.3. X-Ray Photoelectron Spectroscopy (XPS) 
 
 Theory  
  
 
X-ray photoelectron spectroscopy (XPS) is a surface characterisation method that 
provides valuable information on the elemental composition and electronic state of the 
elements that are in the catalyst.162  
The X-rays used in this instrument are either magnesium Kα or aluminum Kα with 
energies of 1253.6 eV and 1486.7 eV, respectively.163 When an X-ray beam with known 
energy hits the atoms, it causes a discharge of the inner shell electrons, so the energy of 
those electrons can be measured. The difference in the energy of ejected electrons and 
the hitting X-ray gives the binding energy (BE) of the electron to the atom. Moreover, 
the kinetic energy of the emitted electron and the photon energy along with the work 
function can be used to calculate the binding energy of the electron. The obtained value 
can determine the chemical state of specific elements or atomic composition of a 
sample.164  





The measured kinetic energy, KE is given by (Equation 2.2): 
 
 
                  KE = hν – BE – φ  Equation 2.2 
 
Where BE is the binding energy of the atomic orbital from which the ejected electron 
originates, hν is the energy of the photon (h is Planck’s constant and ν is the frequency 
of the exciting radiation), and ɸ is the work function of the spectrometer. XPS can be 
utilized to detect and determine the concentration of the elements at the surface since 
each element has a unique set of binding energies.163 
 
 Experimental  
 
X-ray photoelectron spectroscopy (XPS) spectra were recorded on an ESCALAB 250 
spectrometer and Al Kα radiation (1486 eV) was used as the X-ray source. The C 1s peak 
for C-C/C-H in 5%Ru/AC at 284.8 eV was used as a standard for the charge correction.  
Binding energy maxima was determined by fitting the peaks with an asymmetric line-
shape function. XPS measurements were performed at the A*STAR, institute of chemical 
and engineering sciences, in Singapore. 
 
2.4.4. Electron Microscopy  
 
 Theory  
 
Until now, the most widely used tool for analysis features sizes above 1 µm is optical 
(light) microscopy, which happens to be the oldest microscopy technique. However, 
electron microscopy techniques such as transmission electron microscopy (TEM) and 





SEM is based on scattered electrons and offers as high as 2 million magnifications 
whereas TEM is based on a transmitted electron and has up to 50 million magnifications. 
Figure 2.4 displays the schematic diagram showing the most critical parts in a light 




Figure 2.4. Schematic diagram of light microscope and electron microscope.                 
Adopter directly from a web page (Comparison between light microscope and electron 
microscope).166   
 
The design of a transmission electron microscope is like that of an optical microscope. 
Electrons of high energy (>100 kV) and electromagnetic lenses are used in TEM instead 
of photon and glass lenses which are used in an optical microscope.  
In TEM, all the information come from electron-sample interaction.167 The reason 
behind calling it “transmission” electron microscopy is that the electron beam passes an 
electron-transparent specimen and is detected below a grid to form images, using a set 





The given resolution of 0.2 nm is 1,000 times larger than a light microscope provides and 
around 500,000 times more than that of a human eye. TEM produces high resolution 
and magnification imaging down to an atomic level which provides information such as 
morphology, crystal structure, and particle size distribution.168  
 
 Experimental  
 
The microstructure and morphology of the catalysts were examined by JEOL JEM 3010 
TEM operating at 300 kV voltage. Prior to the microscopy examination, each sample was                  
dispersed in methanol and deposited on the 300 mesh Cu holey carbon TEM grid. 
Particle size distributions of metal nanoparticles are based on the counting of at least 
100 particles. TEM measurements were performed in the Nano investigation Centre of 





 Theory  
 
In supported catalysts, the active metal phase may exist as clusters on the surface of the 
support, where it provides as active sites for the reaction. During a reaction, only a 
portion of the total metal loading is exposed to reactant molecules, which reflects a 
percentage of the amount of metal.169 The number of exposed atoms may be obtained 
from chemisorption techniques as they measure an amount of gas adsorbed on the 
metal at monolayer coverage. Knowing the stoichiometry of a chemisorption reaction is 






The pulse method is used to determine how many gas molecules are present on a 
catalyst surface.169 The adsorbate gas (H2 or CO) should be selected depending on the 
catalyst. The selected gas should have minimum adsorption on the support of the given 
catalyst and the interaction with the metal should be irreversible.169 
In the pulse chemisorption method, the reduced catalyst is flushed with inert gas, i.e., 
helium at elevated temperature to remove any adsorbed H2 gas which was previously 
used to reduce the catalyst. Then, a known volume of adsorbate gas is injected as pulses 
in a flow of inert gas until the saturation of the catalyst surface is obtained.169 Figure 2.5 
shows the adsorption plot, where the first five peaks were indicating that there is an 
amount of CO have been adsorbed and the last two peaks displayed the same area which 
is an indication of saturation. 
 
Figure 2.5. A plot of peak area vs pulse number of adsorbate gas (CO or H2). 








By calculating the difference between the volume of each pulse and the portion of 
adsorbate not adsorbed, the quantity of gas adsorbed is obtained.169 The volume of the 
active chemisorbed gas (usually 10 % CO in helium) is calculated by the volume injected, 
Vinj and from the area, under the peaks, as follows; 
 
 
                𝐕𝐚𝐝𝐬 (𝐒𝐓𝐏,
𝐜𝐦𝟑 
𝐠
) =  
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where STP is standard temperature and pressure (273 K and 1 atm), m is a mass of the 
sample (g), Ai is the area of the peak i, and Af is the area of the last peak. 




Figure 2.6. Schematic diagram of equipment for pulse chemisorption. Adapted 








The percentage of metal dispersion, D (%) could also be calculated based on adsorbent 
gas as defined in the following formula:     
 
 
               𝐷𝐶𝑂 =
𝑆𝐹.𝐴𝑟.𝐶𝐻𝑆𝐶𝑂
𝐿𝑀𝑒
   
 
where SF is the chemisorption stoichiometric factor, Ar is metal relative atomic weight       
(g mol-1), CHSCO is the number of moles chemisorbed per gram of catalyst                 
(mol g-1), and LMe is the metal loading (%). 
 
 Experimental  
 
The metal dispersion was determined from the amount of CO chemisorbed on the metal 
sites and was measured by the pulse CO chemisorption (carried out also with the same 
equipment and detector as in TPR and TPD).  
The samples were placed in a quartz U-tube reactor, purged by flowing helium for 30 
min followed by reduction of the catalysts with H2/N2 stream for 4 h at 400 °C. After the 
reduction, the reactor was cooled to 35 °C and CO pulses were repeated until the metal 
surface was saturated with CO. The dispersion of metals was calculated using the 
Equation 1.4.  
 
2.4.6. Thermal Analysis 
 
 Theory  
 
Thermal analysis is a method in which the physical property of a material is measured 
as a function of temperature. The reactions studied as a function of temperature were 
desorption, reduction, and oxidation.171 In this section, some background information 






2.4.6.1. Temperature Programmed Desorption (TPD) 
 
A widely used technique to characterise the basicity and acidity of solid samples is 
temperature-programmed desorption. Carbon dioxide (CO2) is used to determine basic 
sites whereas ammonia (NH3) is used as a probe molecule to determine acidic sites.172 
In CO2-TPD/NH3-TPD, desorption peaks reflect the quantity of basic/acidic sites existing 
on the catalyst while the desorption temperature relates to strength of adsorption of 
CO2/NH3 with the adsorbent.  
 
 Experimental  
 
Temperature programmed desorption of CO2 (TPD-CO2) and NH3 (TPD-NH3) were used 
to determine the basicity and acidity properties of a given catalyst respectively. In a 
typical setup, 0.1 g of catalyst was packed in a quartz U-tube reactor and pre-treated              
in-situ under helium flow at 150 °C for 30 min to remove any impurities that might be 
present on the surface of the catalyst such as water. Then, the sample was cooled down 
to 50 °C for CO2 and 150 °C for NH3. The adsorption of NH3 was performed at 150 °C 
whereas the adsorption of CO2 was carried out at 50 °C for 30 min. After saturation, 
helium was flushed for 30 min at the same temperature to remove the physisorbed NH3 
or CO2. The peak area of the desorbed NH3 or CO2 was measured by integrating the 
peaks and calibrating the mass signal of standard NH3/He and CO2/He gases, 
respectively. Before the TPD measurement, the catalysts were reduced in hydrogen flow 
at 400 °C for 4 h. Supports were treated in a nitrogen flow at 400 °C for 4 h therefore, 









2.4.6.2. The Temperature-Programmed Reduction (TPR) 
 
 
Temperature-programmed reduction (TPR) is used to find the most efficient reduction 
conditions for the catalysts, but also reflect metal support interaction. Moreover, in a 
complex system, i.e., bimetallic catalysts, it is possible to determine an alloy formation 
or the promoter effects.173 The first TPR profile was reported by Robertson et al.174 for 
nickel and nickel-copper catalysts. In this technique, the catalyst is submitted to a 
programmed temperature rise and reducing gas mixture (usually H2 diluted in inert gas, 
i.e., N2, Ar) is flowed over the sample.  
The following equation represents the reaction between metal oxide MxOy and 
hydrogen to produce a pure metal (M).173 
 




In this method, the prepared catalyst is reduced by hydrogen gas, which is diluted in an 
inert gas. As reduction starts, hydrogen is consumed and quantified by TCD. At the end 
of the reduction, no more H2 is consumed and the thermal conductivity of the gas from 
the catalyst returns to the baseline.175 
 
 Experimental  
 
The TPR profiles were obtained after the pre-treatment by flowing 5 % H2/N2 gas mixture 
(50 mL/min) through 0.05 g of the fresh catalyst (the catalyst was loaded in a U-shaped 
quartz reactor) while increasing the temperature from ambient temperature to 700 °C 
with a heating rate of 10 °C/min. Liquid nitrogen/alcohol slush trap between cell and 







Temperature-programmed reduction (TPR), Temperature programmed desorption 
(NH3-TPD & CO2-TPD) and CO-chemisorption were performed in Micromeritics 
AutoChem 2920 II instrument equipped with a thermal conductivity detector (TCD) 














                                                 
                                          Figure 2.7. Micromeritics Autochem II 2920 
 
 
2.4.7. Texture and Porosity 
 
 
 Theory  
 
Surface area is a significant property in the behavior of a catalyst. It can be determined 
from physical gas adsorption on the surface.176 In this method, the inert gas is adsorbed 
by a given amount of catalyst over a wide range of relative pressures at a constant 
temperature. The quantity of gas that adsorbed at a certain constant temperature is 
referred to an adsorption isotherm.177 These isotherms could be classified into six types 





Each type of physisorption isotherms are different and they give an indication for 
different adsorbent materials. Type I isotherm gives an indication of microporous 
adsorbents whereas Type II and Type III isotherm would indicate macroporous or non-
porous adsorbents. Type III isotherm propose a weak adsorbent–adsorbate interactions and 
there is no Point B so from this isotherm there is no identifiable monolayer formation. Type 
IV and Type V isotherms are a mark of mesoporous adsorbents whereas the latter isotherm 
shape is like Type III isotherm and proposes also the weak adsorbent–adsorbate 
interactions. The last isotherm (Type VI) would give an indication of a highly uniform surface 




Figure 2.8. Different types adsorption isotherm. Type I: microporous, type II: macroporous or 
non-porous, type III: macroporous or non-porous with weak interaction, type VI: mesoporous, 
type V: mesoporous with weak interaction, and type VI: layer-by-layer adsorption. Adopted 







To assess the surface area of a material, the number of molecules in a monolayer of the 
adsorbate must be known. The volume correlated to point B is assumed to be that of the 
monolayer, however, the point B is difficult to be determined. Consequently, to evaluate 
the monolayer capacity of a given adsorbent, numbers of models have been developed.176 
The model based on an adsorption of the monolayer of gas on the surface of a solid is the 
Langmuir model whereas multilayer adsorption is contemplated by the BET method which 
is a method developed by Brunauer, Emmett, and Teller.180 The BET theory, an extension of 
the Langmuir model which is based on the model of monolayer–multilayer adsorption. The 
BET method is a universal method for the evaluation of surface areas using via a BET 
Equation 2.6.176  





Where p is the partial pressure of adsorbate; p0 is the saturated pressure of the 
adsorptive at – 196 °C and the BET constant C is related to the strength of the interaction 
between the gas and the solid, Va is the volume of N2 gas adsorbed at a given relative 
pressure (p/po), and Vm is the volume of gas adsorbed in a monolayer. To determine the 
surface area using the BET equation, at least three data points are required, in the p/p0 
range 0.025 to 0.30.  
The monolayer capacity Vm can be calculated by the following equation: where S is the 











The following Equation (2.8) used to identify the total surface area which could be found 







where S is the specific surface area (m2/g), N is the Avogadro constant, m is the mass of 
the test powder (g), a is the area covered by one nitrogen molecule (0.162 nm2), and the 
constant number 22,400 is the molar volume of N2 (mL mol-1) under standard 
conditions.181 
To evaluate the pore size distribution, the Kelvin equation is used by the Barrett–Joyner–
Halenda (BJH) method. The Kelvin equation combined with a standard isotherm is 




Where surface tension γ of the bulk fluid and the molar liquid volume Vm, tc the thickness 
of the adsorbed multilayer film and rp is the pore radius.179 
 
 Experimental  
 
The surface area of catalysts and pore volume can be calculated using nitrogen sorption. 
Prior to analyses, all samples were degassed overnight at 300 °C before physisorption 
experiments to remove any impurities present on the surface. Nitrogen physisorption 
isotherms of catalysts and supports were measured on a Quantachrome NOVA 4200e 







The total pore volume was taken at the adsorption point of 0.99 p/p0. The pore size 
distribution was measured by Barrett-Joyner-Halenda (BJH) method from desorption 
branch of the isotherm where the specific surface areas were estimated by Brunauer–
Emmett–Teller (BET) equation from adsorption branch points between 0.05 and 0.3 
p/p0. Prior to the investigation, supports were heat-treated in a nitrogen flow at 400 °C 










                  Figure 2.9. Surface area and porosity analyzer Quantachrome Nova 4200. 
 
 
2.5. Catalytic Activity Measurement (Reactors) 
2.5.1. Pressure Autoclave reactor  
 
The catalytic reactions were performed using high-pressure reactors pressure autoclave 
(Stainless Steel, Parr Instrument Company) at an agitation speed of 1000 rpm. The 





An amount of a starting material (carboxylic acid) was dissolved under continuous 
stirring in water as a solvent, total volume was maintained to be 25 mL. After complete 
dissolution, 0.5 mL of the acid solution was taken to be used as a blank (time zero point) 
and this sample was analysed by HPLC. 
 
                                                  
Figure 2.10. Schematic diagram and picture of pressure autoclave reactor. 
 
The remaining solution was placed in an autoclave reactor (pressure vessel reactor or 
Parr stirred reactor) to start the reaction. An amount of catalyst was added with a 
magnetic bar into the vessel then it was purged 3 times with N2 to remove air from the 
system. The vessel was heated to 150 °C, then the autoclave was pressurised with H2 to 
the desired pressure after taking into the consideration the vapour pressure of water. 
The temperature of the reaction was controlled using thermocouple. At the end of a 
reaction (both reactors), the autoclave was cooled down using ice and then H2 (overhead 
gas) was released and a sample was taken to be analysed by HPLC. 





2.5.2. Parr Stirred Reactors 
 
An accurate amount of a substrate and catalyst was added into an autoclave ((stainless 
steel Parr 4590 series reactor (50 mL) equipped with an overhead gas entrainment 
stirrer)) and the total volume was maintained at 25 mL. The reactor was purged with 
nitrogen several times to remove air and heated up to the desired temperature at an 
agitation speed of 1000 rpm. The temperature in the reactor was controlled by a 
temperature controller using a thermocouple. Then, the autoclave was pressurised with 
H2 to the desired pressure after taking into the consideration the vapour pressure of 















Figure 2.11 Schematic diagram of Parr reactor (Parr Instrument Company). 50 mL stainless-









2.5.3. Microwave Chemistry  
 
 Background  
 
Sustainable (green) chemistry has been the subject of extensive studies during the last 
decade since chemical innovation has to meet both economic and environmental goals 
simultaneously.182 The principles of green chemistry have prompted the development of 
cleaner and less energy-consuming chemical processes,183 and the need of energy 
during the heating and cooling steps during the reaction and purification and the waste 
generated in any process are the primary detrimental effects to the environment.183,184  
Microwaves are used in spacecraft communication, food processing, remote sensing, 
but most frequently in domestic heating. Recently, microwave heating has been used as 
a replacement for the conventional laboratory heating.185 Microwave radiation has 
lower frequencies (3 x 1010 Hz and 6 x 108 Hz) and longer wavelengths (0.5 to 50 cm) 
than visible light. Thus, electric charges should oscillate at that frequency to generate 
electromagnetic waves.185 Electromagnetic pulse is the source of heating and 
microwave irradiation provides rapid and selective heating.186  
Microwave chemistry is based on the principle of electromagnetic radiation absorption 
where molecules absorb radiation (electromagnetic energy) and then converted to 
thermal energy.185 To transform the microwave energy into heat the dielectric 
substance must expose to microwave radiation.185 The mechanisms behind the work of 






Figure 2.12 Two different dielectric heating mechanisms: dipolar polarization and ionic 
conduction where dipoles swing and ions move respectively in the microwave field. 
Adopted directly from web page (Microwave-assisted synthesis).187 
 
 
Dipolar polarization and ionic conduction are the two effects which cause heating in the 
microwave. In dipolar polarization, the substance should has a dipole moment when 
irradiated with microwaves to be able to generate heat.188 Because of the swing back 
and forth in the microwave field, and the dipoles align to the swing field. This 
phenomenon causes rotation and then friction, which ends up eventually in heat 
energy.188 The same situations occur in ionic conduction, but now charged particles 
(ions) swing back and forth, which causes collisions with near molecules or atoms and 
this ends up creating heat.188 
The heating by microwave-assisted synthesis is direct “molecular” heating of the 
reaction mixture (Table 2.2, entry 1) where no need to initial heating of the vessel 
surface is needed.  On the contrary, conventional mantel synthesis (pressure autoclave) 
needs first to heat the reaction vessel surface before heating the content of the reaction 





Table 2-2 Graphical design of introduction of heat and temperature distribution in a reaction 
mixture for conventional and microwave heating. Adopted directly from web page 





Taking these two different systems into consideration, one study indicated that using 
microwaves as an energy source in chemical transformations would save much energy               
(up to 85-fold) than using conventional media.183 Therefore, microwave chemistry can 
be a strong contributor to green chemistry. Microwave irradiation would entitle a 
widespread range of applications across different industries such as biotechnology, 






Entry Heat Source Heat Introduction Temperature 
Distributions 
1 Microwave heating 
 








We tested our using catalysts in a high-pressure microwave reactor. A new concept in 
microwave instrumentation was created by Milestone Inc.  A new Milestone SynthWAVE 
single Reaction Chamber Microwave Synthesizer (Catalog Number 1223) was used 
(Figure 2.12).  
SynthWAVE can perform single or multiple reactions at temperatures up to 300 °C and 
pressures to 199 bar. The SynthWAVE designed for safe and reproducible scale-up of 











Figure 2.12. SynthWAVE high-pressure microwave picture (left), SynthWAVE reactor (right). 
 
                                                                                          
The procedure is described as follows: (1) after switching on the unit and logging in to 
the system, the program was set to the desired pressure and temperature. (2) Water 
was loaded into a 1000 mL of the polytetrafluoroethylene (PTFE) vessel, which was then 
placed in the SynthWAVE cavity.  
1. Analog Pressure 
Gauge 
2. Gas Inlet 
3. Gas Outlet 
4. Clamps 
5. Overhead Stirrer 
6. Gas Release Valve 
7. Dewar flask 
8. In-situ Sampling 







(3) 5 vials were charged with acid solutions (e.g. SA or LA) and with the catalysts 
accordingly. (4) The vials were capped and held in a rack in the PTFE vessel.  
(5) The rack was centred in the cavity, hung in the reactor and the reactor closed. (6) For 
enhanced security, the clamp was secured from outside manually as well. (7) Using a 
pressure regulator, the reactor was loaded with nitrogen gas several times to remove 
air, stirring commenced and hydrogen was pressurised to the desired pressure.  
The program is automatically started to heat up to the desired temperature (e.g. 3 min 
to reach 150 °C). At the end of the reaction, the reactor started to cool down using 
recirculating chiller and the H2 pressure was slowly released. Cool down step would take 
up to 40 min in the reaction (depending on the reaction temperature).  
 
 
2.6. Product Analysis (HPLC) 
 
The reaction mixtures were determined and quantified using high-performance liquid 
chromatography (HPLC) after filtered using 0.22 µm syringe membrane filter. Calibration 
curves of the reaction products were constructed using an external standard method. 
The calibration plots showed a linear response for each chemical and the calibration 
profiles of the all products can be found in Appendix. After each reaction, the product 
mixture was sampled and syringe-filtered and analysed by using HPLC, Agilent 1200 
Series, (Santa Clara, CA, USA). The HPLC was equipped with an inline degasser, 
quaternary pump, an auto-sampler, a refractive index detector (RID) and a Varian 
Metacarb 67H column (300 x 6.5 mm), using an aqueous solution (mobile phase) of 








2.7. Calculated Formulas 
 
Conversion of succinic acid (X), selectivity (S), yields of the products (Y), dispersion of 





𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑢𝑐𝑐𝑖𝑛𝑖𝑐 𝑎𝑐𝑖𝑑 –  𝑓𝑖𝑛𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑢𝑐𝑐𝑖𝑛𝑖𝑐 𝑎𝑐𝑖𝑑













𝑌 (%) =  
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑢𝑐𝑐𝑖𝑛𝑖𝑐 𝑎𝑐𝑖𝑑




C𝑀𝐵(%) =  
𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑎𝑛𝑑 𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
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CHAPTER 3: Selective Hydrogenation of Succinic Acid in 
Water by Pd, Pt, and Ru Catalysts Supported on Activated 
Carbon and Carbon Nanotubes 
 
3.1. Introduction  
 
Succinic Acid (SA), a biomass-based dicarboxylic acid, is an essential molecule used for 
pharmaceutical products and biodegradable plastics.78 Green-feedstock succinic acid 
can replace maleic anhydride to produce a variety of chemicals via hydrogenation 
processes, i.e., γ-butyrolactone (GBL), 1,4-butanediol (BDO), and tetrahydrofuran (THF) 
due to increased production in biorefineries.190 However, improvements in this process, 
such as the use of low temperatures and pressures or the introduction of a reactive 
metal-based catalyst, are needed. It is difficult to hydrogenate the SA, due to the low 
electrophilicity of the carbonyl carbon.191  
Based on a literature reports, the reaction medium plays an essential role in reactivity 
in the hydrogenation of SA. Mostly, 1,4-dioxane was used in previous reports as it is an 
effective solvent, since the reaction proceeded fast compared to using water. Zhang et 
al.88 converted 72 % of succinic acid after 33 h in water over 2% Ru/C with 66 % 
selectivity to GBL at 180 °C and high hydrogen pressure (150 bar). While Hong et al.87 
obtained 90 % conversion in 8h using 1, 4-dioxane over 5% Ru/C at 240 °C and 80 bar 
hydrogen pressure and selectivity to GBL was 74 %. Moreover, Luque et al.104 achieved 
90 % conversion of SA over 5% Ru/C and 60, 30 and 10 % selectivities to THF, GBL and 
BDO, respectively. The study used 3:5 mixtures of ethanol in water as a solvent at mild 
conditions and long reaction time (100 °C, 10 bar, 24 h), although the role of ethanol in 
the reaction is uncertain. Water is a green, abundant, and safe solvent compared to 
alcohols and especially 1,4-dioxane which is toxic.192,193 Also, succinic acid is produced 
by fermentation as an aqueous solution,100 so using water would be an ideal. The 





The first step in the hydrogenation pathway is the hydrogenation of SA to produce GBL. 
Subsequently, GBL is hydrogenated to give BDO or THF depending on the reaction 
conditions applied. THF could be obtained directly from the acid catalysed dehydration 
of BDO.194 Undesired straight-chain alkanes, alcohols and acids are produced by over 
hydrogenation and hydrogenolysis reactions. Thus, getting a specific product from 









It should be noticed here that if the catalyst was able to produce just GBL in abundant 
content, BDO would be readily formed from a further hydrogenation of GBL. However, 
if hydrogenolysis of SA, GBL, and BDO to propionic acid, butyric acid, and primary C3/C4 
alcohol respectively have happened, then gaining BDO in high yield is not possible. 
Therefore, finding a suitable noble metal that can hydrogenate first carboxylic acid, 
promote cyclisation to GBL, and then further hydrogenate GBL to BDO is important. 
Ru is renowned as a highly active catalyst in both homogeneous and heterogeneous 
systems.195,196 Michel, and Gazellot concluded that Ru catalysts have superior activity 
compared to other precious metals in aqueous solution, but the reason is still under 
investigation.197 In heterogeneous catalytic processes, carbon has attracted attention to 
be used as a support due to its properties, which can be tailored to specific purposes.22  
Activated carbon (AC) is commonly used as a support in catalytic systems due to the high 
surface area, well-developed porosity, and stability at elevated temperatures.198,199 
However, in the last decade, new forms of carbon such as carbon nanotubes (CNTs) have 
been discovered and demonstrated to be a potential catalyst support.45  
CNTs were first observed by Davis, Slawson, and Rigby in 195337 and have become 
increasingly popular owing to their unique structural properties, such as electrical 
conductivity, porosity or specific metal-support interactions.200,201 CNTs are capable to 
enhance a dispersion of the active phase.202,203  Liao et al.204 showed that the activity of 
Pd nanoparticles was improved by supported on CNTs in a hydrogenation of levulinic 
acid to γ-valerolactone. Also for the same reaction, Teixeira et al.156 showed that the 
activity of molybdenum carbide nanoparticles supported on CNTs increased.  
Ru catalysts with various supports have been widely studied.196,205 CNT supported Ru 
showed excellent performance in various types of reactions, such as syngas 






A significant application of Ru catalysts is in the hydrogenation of biomass feedstock to 
various chemicals.205,210,211 Additionally, the deposition of Ru particles on or in CNT 
channels may enhance the performance of the catalyst. One study has demonstrated 
higher activity of Ru/CNT in ammonia synthesis when Ru particles dispersed on the 
outside of CNTs compared to a catalyst where the particles located inside the 
channels.212 However, Ran et al.213 have observed an opposite trend in cellobiose 
hydrogenation since the catalyst activity increased when Ru particles were dispersed 
inside of the CNTs, and this might be due to an enrichment of the reactant in the 
channels.214 In addition, increasing the selectivity to a specific product was also achieved 
with confined Pt nanoparticles within CNTs in the hydrogenation of cinnamaldehyde 
showing an improvement in selectivity to cinnamyl alcohol.215,216 This may be due to a 
curvature of the channels which may alter molecular adsorption on an active phase and 
this modifies the catalytic activity/selectivity of the reaction outcome.215 Rossi et al.217 
reported that it is easy to fill the tubes with a liquid due to the action of capillary forces 
since the walls inside the CNTs channels are hydrophilic. Wang et al.157 showed that Ru 
particles can also be loaded into CNTs channels using an ultrasonication-assisted 
impregnation method. High purity is one of the requirements for optimal performance 
of CNTs in their numerous applications.218  
Often as-prepared CNTs contain significant amounts of impurities, from the use of metal 
catalysts, such as Fe, Co, and metal alloys (e.g., Fe-Co) during the synthesis.219,220 
Amorphous carbon could also be present either along the walls of the graphitic tubes or 
twisted within them.221 The presence of these impurities and amorphous carbon could 
change the electrical properties of the CNTs.220 Since CNTs have such a wide variety of 
potential applications, it is vital to remove residual metals and various impurities to gain 
more control of their properties. Chemical oxidation, thermal oxidation, 
chromatography, centrifugation, filtration and many other methods have been 
investigated to wash CNTs.218 These techniques, however, have high thermal budgets 





Therefore, future research is needed to find an efficient, cheap, and easy way to wash 
the nanotubes (with water) which causes no damage to the nanotubes. 
Herein, the catalytic performance of Ru supported on CNTs is assessed in the 
hydrogenation of SA in liquid-phase for the first time. The primary goal of this study was 
to find an active and selective catalyst for the hydrogenation of succinic acid. Therefore, 
in this chapter we investigate the effect of different parameters such as Ru loading, 
temperature, supports and hydrogen pressures on catalytic activity and selectivity. The 
catalytic activity and selectivity of 5% Ru(IN)CNT where Ru particles were deposited 
inside CNT was assessed.   
Ru catalyst supported on unwashed-CNTs (5% Ru/unwashed-CNT) was also evaluated 
and compared with washed-CNTs (5% Ru/CNT). For comparison, the activity of different 
metal nanoparticles i.e., Pd and Pt supported on activated carbon and CNTs were also 
evaluated to establish their relative activity in succinic acid hydrogenation. Finally, 
recycling tests were performed to assess the reproducibility of the washed-CNT 
supported Ru catalyst (5% Ru/CNT) during liquid phase hydrogenation of succinic acid 
reaction.  
 
3.2. Experimental  
 
 
All catalysts used in this chapter were prepared by incipient wetness impregnation 
whereas Ru(IN)CNT was prepared following Wang et al.157 work as described in Chapter 
2. Ruthenium loading in all catalysts was fixed at 5 wt. % unless otherwise mentioned. 
Water-washed CNTs were used to prepare virtually all the catalysts whereas 5% Ru-
unwashed CNT (The washing steps were shown in Chapter 2). Furthermore, 5% Ru/CNT 
refers to washed-CNT supported 5% Ru catalyst. 5% Ru/CNT also refers to 5% 






3.3. Results and Discussion 
 
The AC and CNT supported Ru catalysts and Pd/Pt supported on CNT were characterised 
by different methods and assessed in liquid phase hydrogenation of succinic acid.  
 
3.3.1. Characterization of Catalysts 
 
3.3.1.1. Powder X-Ray Diffraction Analysis 
 
The XRD patterns of unwashed-CNTs, water washed-CNTs, AC, and the corresponding 
Ru catalysts are presented in Figure 3.1 whereas 5% Ru(IN)/CNT, 5% Ru/CNT, 7%Ru/CNT, 
and 10% Ru/CNT are shown in Figure 3.2. By comparing the XRD results of CNTs before 
and after washing step, there is no change in the characteristic diffraction peaks of CNTs 
after the water pre-treatment which suggests that the structure of CNTs was not 
destroyed or changed by the washing step.  
As the carbon nanotubes have different orientations to the incident X-ray beam, a 
statistical distribution of carbon nanotubes is expected. As a result, the critical features 
of the X-ray diffraction pattern of CNTs are similar to those of graphite.222 Almost all the 
XRD patterns of Ru catalysts lack a diffraction peak for Ru except for 5% Ru/AC sample 
(Figure 3.1) where a peak for Ru (101) at 44° was shown (JCPDS 001-1253). However, 
the presence of Ru is confirmed, in most of other samples cases, by other 
characterisation methods (e.g. TEM), suggesting that the Ru particles are outside of the 
detection limits of XRD, most likely due to their small size and highly dispersed nature.  
In all CNT-based diffractograms, peaks at 25.7°, 42.7°, and 78.5° were indexed as (002), 


































Figure 3.1. XRD patterns of carbon nanotubes, reduced Ru catalysts with different  
supports.  
 
There are no diffraction peaks of metallic Ru, in Ru prepared catalysts supported on CNT, 
which indicates that the Ru particles are highly dispersed, even at 10 wt. % of Ru, the 
low intensity of the C (002) peak suggests an overall lack of graphitic ordering in the 
carbon,225 which is observed in many Ru catalysts, such as 5% Ru(IN)CNT, 5% 
Ru/unwashed-CNT and 10% Ru/CNT catalyst (Figure 3.2).  
5% Ru(IN)CNT sample also does not show any other diffraction peaks apart from the 


































The XRD patterns of 5% Pd/CNT and 5% Pt/CNT are compared together with 5% Ru/CNT 
in Figure 3.3. Peaks at 39.9°, 46.4° and 67.8° and 40°, 46.5° and 67.2° correspond to the 












































                  Figure 3.3.XRD patterns of carbon nanotubes, reduced Ru, Pd, and Pt catalysts  
 
3.3.1.2. Dispersion of Metal Particles by CO Chemisorption  
 
We investigated the dispersion of active metals on the surface of the catalyst using CO 
chemisorption. In Table 3.1, the capacity of the catalysts to chemisorb CO is reported 
along with the dispersion values obtained.  
The Ru dispersion differs from one catalyst to other, for example, 5% Ru/unwashed-CNT 
show a lower Ru dispersion which might be due to the presence of those impurities, 
whilst the opposite was observed with the washed-CNT catalyst (5% Ru/CNT). The 5% 
Ru(IN)CNT showed lower dispersion compared to 5% Ru/CNT which might indicate that 





Table 3-1 List of educed catalysts, results of CO chemisorption and average particle 
size for reduced catalysts. Metal dispersion was calculated from CO chemisorption. 
 
 
A direct method to confirm whether the Ru particles are located inside or outside of the 
tubes and also the size of those particles is TEM.157 However, because of an absence of 
TEM images of 5% Ru(IN)CNT, it has not been confirmed where the particles are placed. 




Metal   
Dispersion, % 
Average Particle Size 
(TEM), nm 
5% Ru/AC 66.2 13.3 1.3±0.2 
1% Ru/CNT 13 13.4 - 
3% Ru/CNT 20 6.6 - 
5% Ru/CNT 40.0 8.0 1.4±0.4 
5% Ru/unwashed-CNT 24.5 4.9 - 
5% Ru(IN)CNT 28.3 5.7 - 
7% Ru/CNT 57.9 11.7 1.4±0.4 
10% Ru/CNT 83.6 16.9 1.6±0.3 
 5% Pd/CNT 19.6 2.1 2±0.7; 10±2.2 






Table 3.1, showed also that the quantity of CO uptake increases as increasing the Ru 
loading from 1 to 10 wt. %., and apart from 1% Ru/CNT the Ru dispersion increased from 
6.6, 8.0, 11.7, to 16.9 % for 3, 5, 7, and 10 wt. % of Ru respectively. It should be noted 
here that for an unknown reason the metal particle size from TEM measurement does 
not match with the metal dispersion obtained from CO-chemisorption analyses. 
However, an obtained metal particle size from TEM studies would be more accurate 
than the estimation from CO-chemisorption analyses since the latter method is 
considered to be an indirect method to obtained metal practical size compared to TEM 
measurements. 
 




Representative TEM images with respective particle size distributions are shown below. 
In all ruthenium-based catalysts, most of Ru particles were finely dispersed on the 
support with a narrow size distribution in the range of 0.7–3.0 nm. 
The loading of Ru on CNTs does not affect much the distribution of the active phase 
since it can be seen from the images that as the Ru content is increased the average size 
of Ru particles increases slightly.  
The Ru particle size is 1.4±0.4, 1.4±0.4, and 1.6±0.3 nm for 5% Ru/CNT, 7% Ru/CNT, and 
10% Ru/CNT, respectively as shown in Figure 3.4, Figure 3.5, and Figure 3.6. Moreover, 
Ru particles are located outside and inside of the tubes in all TEM images for the samples 





























                            

























         














       




















The CO-uptake results obtained from 5% Pd/CNT and 5% Pt/CNT are compared to 5% 
Ru/CNT. Pd shows low dispersion on the CNTs compared to Ru and Pt which might 
attributed to the formation of bigger Pd particles on the CNTs. This finding agreed with 
the results acquired from TEM where this catalyst exhibited a bimodal distribution 
showing agglomeration to large particles between 6 and 13 nm apart from the small 
(2±0.7 nm) nanoparticles (Figure 3.7). This distribution with big particles would decrease 
the CO-uptake and the overall activity of Pd catalyst.229   
Moreover, Pt particles showed better dispersion (12.8 %) on CNT compared to 
dispersion of Ru particles on CNT (8 %). A further investigation by TEM showed that Pt 
particles on CNT are well dispersed, and the average size of the metal was 2 nm which 
is slightly higher than the Ru average particle size in 5% Ru/CNT. TEM images with 
particle size distribution are presented in Figure 3.8 and show Pt particles inside the 
tube in some of images. 
There is a difference between the results obtained from 5% Ru/AC and 5% Ru/CNT which 
could affect the overall activity of a given catalyst. The dispersion of Ru in 5% Ru/CNT                 
(8 %) was lower than in 5% Ru/AC (13.4 %). However, TEM results showed that Ru 
average particle size on AC was smaller (1.3±0.2 nm) than on CNT (1.4±0.4 nm) however, 
considering the standard deviation they are similar. TEM images with particle size 





































































3.3.1.4. Reducibility of the Pd, Pt, and Ru Based Catalysts by H2-TPR 
 
Temperature programmed reduction (H2-TPR) was used to investigate the reducibility 
of the as-synthesized catalysts and to understand their redox properties and interaction 
between Ru, Pd, Pt, and supports.208,230-233 Furthermore, TPR experiments determined 
the appropriate reduction temperature for the catalyst before activity assessment. The 
profiles for Ru based catalysts are present in Figure 3.10. 
 
 
         Figure 3.10. H2-TPR profiles for different Ru catalysts (Unreduced). 
 
 
Two temperature ranges are apparent in the TPR profiles, above and below 250 °C. At 
temperatures below 250 °C, it shows the decomposition of the precursor chlorides and 
reduction of the metal precursor to a metallic state. For Ru catalysts prepared from 
RuCl3, three reduction peaks were observed. The first peak at about 104 °C (#1) could 
be assigned to a reduction of Ru3+ species to metallic Ru.230 
























The second peak with a maximum at approximately 153 °C (#2) is similar to the reduction 
temperature of unsupported RuCl3.232,234 The third broad peak between ca. 400-500 °C 
corresponds to a reduction of carbon species or carbon-related functional groups233 or 
due to carbon methanation by the presence of supported metals,85,230,232 which could 
be followed by catalyst deactivation.233 The last peak is less evident in Pt, Pd, and Ru(IN) 
catalysts supported on CNT whereas this peak shifted to a higher temperature with 
increasing the wt. % of Ru in the catalysts supported on CNT.  
5% Ru(IN)CNT spectra displayed two broad H2 consumption peaks at temperature of                 
95 °C, and 144 °C, which are lower than the results obtained from 5% Ru/CNT. Ru species 
inside the CNTs channels are easier to reduce,212 perhaps due to an interaction between 
the anionic chlorine in RuCl3 and the electron-deficient carbon nanotubes concave 
surface which may weaken the bonding strength of RuCl3 which makes ruthenium 
species easy to be reduced.235   
Regarding different Ru catalysts loading, a small shift occurs towards higher 
temperature in 7% Ru/CNT compared to 5% Ru/CNT, although 10% Ru/CNT shows a 
further shift. The group of J.A. Lopez-Sanchez,236 have used different loading of 
ruthenium catalysts supported on CNT to hydrogenation of 2,5-hydroxymethylfurfural 
to 2,5-dimethylfuran. The study reported that based on the catalyst preparation 
(Current study used the same procedure to prepared the catalyst) the metal particles 
started to fill inside the of carbon nanotube and as increasing the metal percentage the 
partials started to form outside of the tube. They characterised these different 
percentage of Ru catalysts loading using temperature programmed reduction.  
They found that increasing metal loading shifts the reduction peak to higher 
temperatures as we have seen here in current study. They referred this observation to 
the presence of those particle inside the tube. As stated early (while we characterised 
5%Ru(IN)CNT) that the partials inside the tube are easy to reduce due to the electron-





For these reasons, TPR results of the current study showed the reduction peak at lower 
temperature for 5% Ru/CNT compared to 7% Ru/CNT and 10% Ru/CNT since the latter 
two catalysts might have a lot of the particles outside the tube which difficult their 
reduction and consequences of that the catalysts (7% Ru/CNT and 10% Ru/CNT) reduced 
at higher temperature. 
The 5% Ru/unwashed-CNT reduction peak shows a shift to a higher temperature also 
indicating that there is a strong interaction between metal salt (RuCl3) and unwashed-
CNT237 or might be due to the presence of impurities that in CNT which would influence 
catalytic rates. We also compared the reducibility of Ru/CNT with different metals and 
support as shown in Figure 3.11.  
 
 
Figure 3.11.H2-TPR profiles for 5%Ru, 5%Pd, and 5%Pt catalysts (Unreduced) 
supported on CNT.  
 
























Ru supported on AC exhibited a different trend. Ru/AC reduction peaks shifted to higher 
temperatures compared to 5% Ru/CNT which indicates a stronger interaction between 
Ru and AC. This observation suggests that the support significantly affects the 
reducibility of the Ru particles.211  
On the other hand, 5% Pt/CNT showed a peak at higher temperature (139.6 °C) 
compared to 5% Pd/CNT which indicated the hard reducibility of Pt species compared 
to the Pd sample, and this peak is associated with the continuous multi-step single-
electron reduction of Ptn+ species.238,239  
It is worth noting that there is another peak at about 290 °C which is perhaps related to 
a reduction of oxygen-containing functional groups on the surface of the carbon.232 This 
peak can be seen in 5% Ru/CNT and, 5% Ru/unwashed-CNT (Figure 3.10), whereas this 
peak is shifted slightly to a higher temperature in Pt and Pd catalysts. 
 
3.3.1.5. Surface Analysis by X-Ray Photoelectron Spectroscopy 
 
X-ray photoelectron spectra for Ru 3p3 core levels of reduced 5 % Ru on AC and CNT is 
shown in Figure 3.12.  
A difference between the binding energies of 5% Ru/AC 463.6 eV) and  5% Ru/CNT 
(462.1 eV) was observed. The differences are -1.5 eV in Ru 3p3 core level. The binding 
energies for 5% Ru/CNT are lower which could be a contributing factor to the change in 
the catalysts reactivity. These downwards shift in binding energy in the latter catalyst 
compared to 5% Ru/C could be an indicator of the existence of an electronic effect of 







We deconvoluted the XPS spectra of Ru 3p3 core level to find out the oxidation state of 
Ru in the samples. Ru 3p3 core level energies for 5% Ru/AC and 5%Ru/CNT are a little 
higher than those reported for Ru in the literature (i.e. 461.7 eV for Ru0, 463.2 eV for 
































Figure 3.12. XPS profiles of reduced 5% Ru/AC and 5% Ru/CNT for Ru3p3 core level  
showing the binding energies for the maxima of each curve.       
 





3.3.2. Catalytic Hydrogenation of Succinic Acid  
 
Ru was selected to perform a full time online reaction to be able to understand the 
reaction and its products distribution. Figure 3.13, shows a typical reaction time profile 
over a Ru supported catalyst at 150 °C and 50 bar hydrogen pressure for 23 h reaction 
time.  


















































Figure 3.13. Conversion of succinic acid and yields of the reaction products time 
profile for hydrogenation of SA using 5% Ru/CNT catalyst. Reaction conditions: T: 
150˚C; H2 pressure: 50 bar; succinic acid: 0.1 g; catalyst: 0.05 g; solvent: 25 mL H2O. 
 
 
SA is converted into a mixture of products, mainly GBL and after 11 hours, 95.4 % 
conversion of succinic acid was reached with the highest selectivity towards the lactone 





At the end of the reaction (23h), the total yield of propanol, butanol, and BDO close to 
40 % where the yield to BDO was ~19 %. Using Ru/CNT, all alcohol products were 
produced due to the same process (C-C cleavage) however, increasing the selectivity to 
single alcohol (BDO) is more desired. Furthermore, carbon mass balance gradually 
decreases to 76 % due to the formation of gaseous products formed by unselective C-C 
cleavage and over-hydrogenation of the products as reported previously.119  
One of the objective of the study is to find the most active catalyst and reaction 
conditions for this reaction and then produce BDO in high yield. We decided to 
investigate different parameters, i.e., the effect of reaction pressure, temperature, time 
and other parameters to optimize this hydrogenation process.  
 
3.3.2.1. The Stirring Rate Effect on Hydrogenation of Succinic Acid   
 
 
To understand the effect of the gas-liquid mass transfer resistance on the conversion 
and selectivity of hydrogenation of succinic acid, the stirring rate was varied from 600, 
1000, to 1200 revolutions per minute (rpm) using 5% Ru/CNT.  
Figure 3.14 shows the effect of the stirring speed on the conversion of succinic acid. The 
conversion of SA was almost constant at all stirring speeds, which indicates that the 
chemical reaction is not influenced by liquid-solid or gas-liquid mass-transfer limitations. 
All further experiments henceforth were carried out at 1000 rpm to deliver the optimum 
speed for the gas entrainment stirrer as advised by the manufacturer.  
The carbon mass balance and the selectivity toward the reaction products remained the 
same between three different stirring speeds. The reaction outcome showed formation 







































































Figure 3.14 Effect of using a different agitation speed on the catalytic activity and selectivity in 
the hydrogenation of SA using 5% Ru/CNT. Reaction conditions: Temperature: 150 °C; reaction 
pressure: 50 bar; succinic acid: 0.1 g; catalyst: 0.05 g; reaction time: 5h; solvent: 25 mL H2O. 
Legends, Conversion (X); gamma-butyrolactone (GBL); 1,4-butanediol (BDO); propionic acid 
(PA); butyric acid (BA); propanol (C3OH); butanol (C4OH); carbon mass balance(CMB). 
 
3.3.2.2. Effect of Temperature on Hydrogenation of Succinic Acid    
 
 Activity  
 
The reaction temperature is crucial in obtaining high yields and selectivity to the desired 
product.242 Ru is one of the most efficient active metal for hydrogenolysis23 so, when the 
temperature increased, the hydrogenolysis of SA to form propionic acid can occur along 
with the desired product GBL. The effect of reaction temperature on the hydrogenation 
of SA is shown in Figure 3.15. The highest conversion occurs at higher temperatures 
whereas to increase the conversion to the same level at lower temperature requires a 






































Figure 3.15. Comparison of the activity with respect of temperature in 
hydrogenation of succinic acid using 5% Ru/CNT. Reaction conditions: H2 pressure: 
10 bar reaction time: 1h; succinic acid: 0.1 g; catalyst: 0.05 g; solvent: 25 mL H2O. 
 
It was expected that higher conversion could be achieved at higher temperatures, but 
at such high temperatures, precautions must be taken to ensure safe operation and to 
lower costs of the heating, although the higher reactivity comes at the price of losing 
selectivity as C-C cleavage is favoured.  
 Selectivity  
Figure 3.16 shows the product distribution at iso-conversion compared at around 45 % 
conversion for 150 °C (23h) and 200 °C (1h). BDO is formed from further hydrogenation 
of GBL, thus the more GBL produced, the more BDO we could obtain. Figure 3.16 shows 
that the selectivity to GBL decreased from 40.4 % at 150 °C to 23.17 % at 200 °C, whereas 
selectivity for propionic acid increased from 15.9 % at 150 °C to 31.3 % at the expense 





These results demonstrate that hydrogenolysis of SA (formation of propionic acid) 
reduced the formation of GBL over CNT supported Ru catalysts when high temperatures 
were applied. It is worthwhile mentioning that the initial hydrogenolysis by-products 
were propionic and butyric acids, which were later reduced to propanol and butanol, 
respectively. As increasing the temperature, the solubility of H2 decreased243 in which it 
might affect the formation of BDO. Therefore, taking these results into account, 150 °C 
was selected instead of a higher temperature in the hydrogenation of succinic acid in 
this study to prevent C-C cleavage and enhance the formation of desired products.  
 























































Reaction Tempratures ,Time  
Figure 3.16. Comparison of the selectivity at iso-conversion of succinic acid at 
different reaction temperature. Reaction conditions: H2 pressure: 10 bar; succinic 
acid: 0.1 g; catalyst: 0.05 g; solvent: 25 mL H2O. Legends, Conversion (X); gamma-
butyrolactone (GBL); 1,4-butanediol (BDO); propionic acid (PA); butyric acid (BA); 






3.3.2.3. Effect of Reaction Pressure on Hydrogenation of Succinic Acid   
 Activity  
 
Hydrogen pressure displayed a significant effect on a catalytic performance in liquid 
phase hydrogenation of succinic acid which might be because of the solubility of the gas 
in the high pressure. Based on Henry's law, the amount of dissolved gas is proportional 
to its partial pressure in the gas phase.  Therefore, the succinic acid conversion increased 
from 27 to 41 to 78 % when the hydrogen pressure was raised from 10 to 25 to 50 bar, 
respectively (Figure 3.17). Thus 78 % conversion of SA was achieved at 50 bar within 5-
hours reaction time using Ru catalyst at 150 °C. Murahashi et al.244 suggested that Ru 
needs high hydrogen pressure for efficient hydrogenation. Therefore 50 bar was suitable 
to increase the reaction rate.  
The hydrogen solubility in water is limited when compared to organic solvents such as    
1,4-dioxane.245,246 Thus, increasing hydrogen pressure was required to increase the 
solubility of hydrogen.247 Many of the previous studies90,87 used 1,4-dioxane as a solvent 
because of the high solubility of hydrogen and substrate compared to those in the 
water.248 
Regardless, both 1,4-dioxane and aqueous systems share the need for high temperature 
(>200 °C), high hydrogen pressure (>60 and more typically >100 bar) and hours of 
reaction times, so the use of an organic solvent is not ideal. Therefore, all reactions were 
performed in water which also meets the high need of greener systems, non-toxicity, 







Figure 3.17. Comparison of the activity with respect of pressure in 
hydrogenation of succinic acid using 5% Ru/CNT. Reaction conditions: T: 150 
˚C; reaction time: 5h; succinic acid: 0.1 g; catalyst: 0.05 g; solvent: 25 mL H2O. 
 
 Selectivity  
 
Regarding the selectivity, Figure 3.18 compares the product selectivity at iso-conversion. 
As the H2 pressure increased from 10 to 50 bar, the selectivity of propanol, butanol, and 
BDO increased from 1.2, 2.2, 1.5 % to 2.4, 7.2 and 4.4 %, respectively, due to the higher 
hydrogen availability. It seems that the hydrogenolysis products (propionic acid and 
butyric acid) decreases with increasing the H2 pressure. Butyric acid formed from GBL or 
SA via a hydrogenolysis reaction and this product could affect the formation of BDO. 
Increasing the H2 pressure led to increased BDO formation so, 50 bar hydrogen pressure 
was fixed for further investigations of hydrogenation of succinic acid at 150 °C.     
 




































































































Figure 3.18.Comparison of the selectivities at iso-conversion of succinic acid at 
different hydrogen pressure. Reaction conditions: T: 150 ˚C; succinic acid: 0.1 g; 
catalyst: 0.05 g; solvent: 25 mL H2O. Legends: Conversion (X); gamma-butyrolactone 
(GBL); 1,4-butanediol (BDO); propionic acid (PA); butyric acid (BA); propanol (C3OH); 
butanol (C4OH); carbon mass balance(CMB). 
 
 
3.3.2.4. Effect of Washing of CNTs on Hydrogenation of Succinic Acid 
 Activity  
 
To evaluate if the washing of CNTs was required, 5 wt. % of Ru catalyst supported on 
CNTs as received without washing were prepared using the procedure as described in 
the experimental Chapter (2). This step was intended to wash away loosely bound 





It was found that even after the mild washing step the carbon nanotubes contain ca. 0.6 
% Co and 0.3 % Fe, mostly as particles grown within the tube pore. Figure 3.19 exhibited 
that 5% Ru/CNT (washed-CNT) has higher catalytic activity than 5% Ru/unwashed-CNT 
















































5% Ru catalysts suppoted on CNT  
Figure 3.19. Effect of washing step on the catalytic activity of 5% Ru/CNT in the hydrogenation of 
succinic acid. Reaction conditions: T: 150 ˚C; H2 pressure: 50 bar; reaction time, 5h; succinic acid: 
0.1 g; catalyst: 0.05 g; solvent: 25 mL H2O. Legends: Conversion (X); carbon mass balance (CMB). 
 
 
This result was not surprising since Table 1.3 previously showed that the Ru dispersion 
in 5% Ru/unwashed-CNT was less than 50 % compared to a distribution of Ru on washed-
CNT (5% Ru/CNT). According to the literature, better dispersed catalysts are generally 
more active.249 Lower dispersion of the 5% Ru/unwashed-CNT might be due to the 





 Selectivity  
 
The effect of washed CNT sample on product selectivity at the same conversion was also 
evaluated. Figure 3.21 showed that there is no significant difference between the two 
catalysts regarding product distribution at the same level of conversion. This means that 
the washing step just helps to increase the reactivity of the catalyst without changing 
the product distribution. 
 

























































Figure 3.20. Comparison of the selectivities at iso-conversion of succinic acid,5% 
Ru/unwashed-CNT vs 5% Ru/CNT (washed CNTs). Reaction conditions: T: 150˚C; H2 
pressure: 50 bar; succinic acid: 0.1 g; catalyst: 0.05 g; solvent: 25 mL H2O. Legends, 
Conversion (X); gamma-butyrolactone (GBL); 1,4-butanediol (BDO); propionic acid (PA); 







3.3.2.5. Effect of Ru Loading in the Hydrogenation of Succinic Acid   
 
 Activity  
 
Initially, the evaluation of three different loading of Ru catalysts supported on CNT (1, 3, 
and 5 wt. %) and the bare CNT support was carried out at 150 °C and 50 bar total 
pressure. The blank run in the absence of catalyst gave virtually no conversion of succinic 
acid. Figure 3.22 shows that the succinic acid conversion increased with increasing 
loading of Ru as follows, 1% Ru (11 %), 3% Ru (52 %), and 5% Ru (78 %).  
 
 
Figure 3.21. Comparison of the activity using different Ru wt. % (1, 3, and 5 %) on of 
succinic acid. Reaction conditions: T: 150 ˚C; H2 pressure: 50 bar; reaction time: 5h; 
succinic acid: 0.1 g; catalyst: 0.05 g; solvent: 25 mL H2O. Legends: Conversion (X), 
carbon mass balance (CMB). 
















































Other catalysts were prepared with 7 and 10 wt. % to evaluate if increasing the loading 
could still raise the activity of the Ru catalyst. The results were compared at a shorter 
reaction (1 h) because of the high reactivity of the catalysts limit their comparison at 5h. 
The results in Figure 3.23 showed that the conversion of succinic acid still increases as 
the loading of a catalyst is increased from 5% to 7 wt. % and 10 wt. %. The conversion 
increased from 27.8 % (5% Ru), 34.35% (7% Ru), to 45.26 % (10% Ru) supported on CNTs.  
 









































Figure 3.22. Comparison of the activity using different Ru wt. % (5, 7, and 10 %) 
on of succinic acid. Reaction conditions: Temperature: 150˚C; H2 pressure: 50 bar; 
reaction time (1h); succinic acid: 0.1 g; catalyst: 0.05 g; solvent: 25 mL H2O. 







This finding is not in agreement with previous studies on Ru catalyst supported on 
Starbon®, a novel porous polysaccharide derived material, where it was observed that 
increasing Ru loading above 5 wt. % showed reduced activity in the hydrogenation of 
succinic acid in aqueous solution.104 Therefore, the CNTs in this study proved to be a 
better support since 10 wt. % of Ru was smoothly dispersed on CNT surface without 
losing the activity of a catalyst. The CO-chemisorption results in Table 3.1 showed that 
the metal (Ru) dispersion is increased with increasing the loading (5% Ru < 7% Ru < 10% 
Ru) supported on CNTs.   
The TEM measurements confirmed that the size of Ru particles increases slightly from 
1.4, 1.4, to 1.6 nm for 5% Ru, 7% Ru and 10% Ru respectively supported on CNT and TPR 
results (Section 3.3.1.4) supported this observation. Apart from 1% Ru/CNT, it seems 
the activity of the catalyst is correlated to the dispersion as CO-chemisorption showed 
that an increased dispersion of Ru led to an increased conversion of succinic acid. The 
results indicate that the activity of Ru catalyst does not depend simply on the size of Ru 
particle or the dispersion but also on the availability of them. 
 
 Selectivity  
 
Regarding the products distribution, 5% and 10% Ru loadings supported on CNT were 
compared at iso-conversion to see if increasing the loading would reduce the problem 
of  C-C cleavage and the results are shown in Figure 3.24. GBL was the primary product 
observed. However, the initial formation of GBL decreases rapidly to other products 
using 10% Ru/CNT whereas the creation of hydrogenolysis products such as propionic 
acid is increased. Furthermore, a drop-in carbon mass balance was seen over 10% 







On the other hand, the SA decarboxylation products (e.g. propionic acid) decreased 
using 5% Ru/CNT, whilst production of alcohols (butanol, 1,4-butanediol, and propanol) 





























































Figure 3.23. Comparison of the selectivities at iso-conversion of succinic acid at different Ru wt. 
% loading. Reaction conditions: T: 150˚C; succinic acid: 0.1 g; catalyst: 0.05 g; solvent: 25 mL 
H2O. Legends, Conversion (X); gamma-butyrolactone (GBL); 1,4-butanediol (BDO); propionic 





In the aqueous phase hydrogenation of succinic acid, catalysts with higher metal 
loadings are preferable, to convert SA in a reasonable time. 10% Ru/CNT showed better 
activity compared to all other Ru loadings because of the high dispersion and the 





of this catalyst led us to pick 5% Ru based catalyst instead for further investigations. The 
effect of support on similarly loaded Ru was then investigated to probe the potential of 
CNT supported Ru catalysts. 
 






With the intention of dispersing Ru particles inside the nanotube, a catalyst was 
prepared using a procedure adapted from Wang et al.157 This is different to any other 
prepared catalysts in this thesis. A known amount of Ru, acetone, and CNT was mixed 
homogeneously with the help of ultrasound and under continuous stirring at room 
temperature for 0.5 h. The mixture was heated in air at 1 °C/min up to 110 °C, held at 
110 °C for 11 h to be able to evaporate the acetone. The extended stirring was necessary 
to drive Ru salt solution into the CNT channels, due to the concentration difference, 
followed by the slow evaporation. Figure 3.25 displays the catalytic performances of 
Ru(IN)CNT for hydrogenation of SA reaction in comparison to 5% Ru(MIX)CNT. 
The 5% Ru(IN)CNT exhibits a low catalytic activity which agrees with the CO-
chemisorption results. The results in Table 3.1 showed that 5% Ru(IN)CNT has a low 
dispersion compared to the 5% Ru(MIX)CNT. Another explanation might be that the Ru 




















































5% Ru catalysts supported on CNT
 
Figure 3.24. Effect of presenting the Ru particles inside the CNT on the catalytic activity 
of 5% Ru/CNT in the hydrogenation of SA. Reaction conditions: T: 150 ˚C; succinic acid: 
0.1 g; catalyst: 0.05 g; reaction time: 5h; solvent: 25 mL H2O. Note: Ru(MIX)/CNT is 
referred to Ru/CNT. Legends: Conversion (X), carbon mass balance (CMB). 
 
 
 Selectivity  
 
5% Ru(MIX)CNT and 5% Ru(IN)CNT were compared at close to iso-conversion to see if 
better selectivity to BDO and less formation of C-C cleavage products obtained. Figure 
3.26 showed that there was no improvement in the selectivity of all products (look 
similar). Until now CNTs proved to be a satisfactory support to Ru catalysts because we 
showed that by increasing the metal loading, the reactivity of the catalyst is enhanced, 
which translates into no agglomeration when increasing the percentage of Ru. However, 
no improvement regarding selectivity to BDO using different protocols and parameters 
was achieved as C-C cleavage was still a problem. Therefore, we decided to investigate 





























































Catalysts supported on CNT, Time  
Figure 3.25 Comparison of the selectivities at iso-conversion of SA using 5 % Ru catalyst 
where the particles are supposed to be inside of the CNT. Reaction conditions: T: 150 ˚C; 
H2 pressure: 50 bar; SA: 0.1 g; catalyst: 0.05 g; solvent: 25 mL H2O. Legends, Conversion 
(X); gamma-butyrolactone (GBL); 1,4-butanediol (BDO); propionic acid (PA); butyric acid 
(BA); propanol (C3OH); butanol (C4OH); carbon mass balance (CMB). 
 
 
3.3.2.7. Effect of the Supports for the Ru Catalysts in Hydrogenation of 
Succinic Acid   
 
 Activity  
CNTs are different when compared to AC since the latter has meso- and a vast quantity 
of micropores, which could reduce the activity of a catalyst250 where CNTs have 
mesoporous225 structure with well-defined tubular morphology.251 It was suggested48,250 
that most of the mesopores in CNT are aggregated pores formed by the interaction of 
isolated nanotubes and could be important in decreasing mass-transfer limitations in 





Figure 3.27, shows a comparison between the results obtained from two different 
supports in a hydrogenation of SA at 150 °C and 50 bar of hydrogen pressure. The results 
show that 5% Ru/CNT exhibits higher activity than 5% Ru/AC in the liquid phase 
hydrogenation of succinic acid. 5% Ru/AC gave 49.4 % conversion whereas using 5% 








































5% Ru catalysts suppoted on diferent supports  
Figure 3.26 Effect of using different supports on catalytic activity of 5% Ru catalyst in 
the hydrogenation of succinic acid. Reaction conditions: T: 150 ˚C; H2 pressure: 50 
bar; reaction time: 5h; succinic acid: 0.1 g; catalyst: 0.05 g; solvent (H2O): 25 mL. 
Legends: Conversion (X), carbon mass balance (CMB). 
 
 
The reactivity of the catalyst can be supposed from TPR results. The lower the reduction 
temperature, the better reduction capability of the catalyst.252 This fact was in line with 
the results obtained from TPR of Ru catalysts, specifically for 5% Ru/CNT since the H2 






Electronic effects have been declared as responsible for the revised activity of CNT-
supported catalysts but never for hydrogenation of succinic acid or another acid to 
alcohol. The group of J.A. Lopez-Sanchez236 have reported the activity of using                               
Ru nanoparticles supported on CNT towards 2,5-hydroxymethylfurfural conversion to 
2,5-dimethylfuran.  
The study found that CNT supported Ru catalyst produced 83.5 % yield of 2,5-
dimethylfuran in under 1 h whereas Ru supported on activated carbon required more 
than 3 h to give 80.3 % yield of the same compound. They explained that the increment 
on the performance of ruthenium on CNTs was due to the electronic promotion of the 
carbon nanotubes.   
The electronic properties of CNT decreased the binding energy of Ru in comparison with 
AC. A −1.5 eV shift is appreciated in in Ru(3p3) core level (Figure 3.12). Therefore, the 
higher catalytic activity of CNT based catalyst in succinic acid hydrogenation could be 
due to the promoting effect of the electron transfer between CNTs and Ru as it was 
demonstrated multiple times in the literature.253-258 
TPR results exhibited differences in the redox properties between two catalysts                         
(5% Ru/AC and  5% Ru/CNT) which may support an electronic promotional effects.236 
TEM measurement showed that the Ru average particle size is slightly different between 
the two catalysts which were prepared using AC (1.3±0.2 nm) and CNT (1.4±0.4 nm). 
This observation was made as well in another study reported by Nieto et al.259 which 
could be due to a low surface area of CNT in comparison with AC. 5% Ru/AC has smaller 
Ru particles size compared to the CNT based catalyst but 5% Ru/CNT shows better 
activity. 
 Selectivity 
We hoped selectivity to a specific product could be improved by varying metal particle 





Figure 3.28 shows the product distribution at iso-conversion for the tests carried out 
over 5% Ru/AC and 5% Ru/CNT.  
 



























































Figure 3.27 Comparison of the selectivities at iso-conversion of succinic acid, 5%Ru/AC vs. 
5%Ru/CNT. Reaction conditions: T: 150˚C; H2 pressure: 50 bar; succinic acid: 0.1 g; catalyst: 
0.05 g; solvent (H2O): 25 mL. Legends: Conversion (X), carbon mass balance (CMB). 
 
At iso-conversion, the selectivity to the C-C cleavage product (propionic acid) increased 
when using 5% Ru/AC whereas the main hydrogenation product (GBL) was maximised 
using CNT. This is another significant advantage of using CNT instead of AC. The 
formation of undesired C-C cleavage products, i.e., propionic acid was lower using                    
5% Ru/CNT. Moreover, the formation of gaseous products was higher using 5% Ru/AC 
since the carbon mass balance decreased. This result indicates that the use of CNTs as 






Using Ru catalyst to hydrogenate succinic acid was recommended in the literature as 
showed in the introduction, however, other metals might be interesting for the 
hydrogenation of succinic acid since each metal has a unique set of characteristics.                   
Vu et al.207 claimed that Pt/CNT was more active than Ru/CNT, and Pt supported on AC 
in the hydrogenation of cinnamaldehyde. Therefore, to fully explore if the benefits of 
CNT as a support for Ru catalyst could be extended to other metals, Pt and Pd catalysts 
supported on AC and CNT were prepared. 
 




Initially, 5% Pd and 5% Pt catalysts supported on activated carbon were screened and 
compared to 5% Ru/AC. Figure 3.29, A shows that 5% Pd/AC and 5% Pt/AC were less 
active than 5% Ru/AC since the conversion of succinic acid was 2 % (5% Pd/AC), 5 % (5% 
Pt/AC), and 49 % (5% Ru/AC) under the same reaction conditions.   
Pd and Pt catalysts supported on CNT displayed a remarkable increase in conversion of 
succinic acid compared to the catalysts supported on activated carbon (Figure 3.29, B). 
The conversion using Pt and Pd catalysts supported on CNT was much lower than the 
conversion obtained from using 5% Ru/CNT. The succinic acid conversion increased from 
49 % (5% Ru/AC) to 78 % (5% Ru/CNT), from 2 % (5% Pd/AC) to 6 % (5% Pd/CNT), and 
from 5 % (5% Pt/AC) to 10 % (5 % Pt/CNT) therefore, the effect of using CNTs in 
hydrogenation of succinic acid as a support for different metals might considered to be 
a universal. One of the reasons regarding this increment in activity when using CNTs as 










Figure 3.28. A and B. Conversion of succinic acid in its hydrogenation using 5 % metal 
catalysts supported on (A) activated carbon and (B) carbon nanotubes. Reaction 
condition: T: 150 ˚C; H2 pressure: 50 bar; reaction time: 5h; succinic acid: 0.1 g; catalyst: 
0.05 g; solvent (H2O): 25 mL. 
 
 
In this Chapter, we have demonstrated that Ru displays an order of magnitude superior 
activity to Pd and Pt catalysts. Pd based catalyst showed low activity amongst them. The 
catalytic activity of 5% Pd/CNT agreed with the results obtained from characterisation 
since CO-chemisorption showed that the 5% Pd/CNT has a lower dispersion (2.1 %) 
compared to Ru (8 %) and Pt (12.8 %) catalysts. Also, TEM images, 5% Pd/CNT exhibited 
a bimodal distribution, indicative of agglomeration to larger particles between 6 and 13 
nm apart from the small 2±0.7 nm nanoparticles. The presence of those agglomerates 
might be the reason for the lower reactivity of this catalyst.   

































Zhu et al.261 reported that the performance of Pd catalysts is influenced by three main 
parameters; interaction with the support, nature of the Pd precursor and Pd particle 
size. Therefore, to improve the activity of Pd catalyst, a catalyst with low Pd loading (1 
wt. %) was prepared to get better dispersion and avoid the presence of large Pd particles 
which might decrease the reactivity of the catalyst.  
Zhang et al.262 noticed that as Pd loading decreased, the resulting average particle size 
decreased correspondingly and the activity of the catalyst increased in the 
hydrogenation of succinic acid. However, this approach did not help to produce a better 
catalyst in this study as shown in Table 3.2, entries 1 and 2. Since no improvement in the 
conversion was found possibly due to agglomeration.  
It has been reported that larger Pd particles can be made from PdCl2 due to the presence 
of chlorine, which promotes sintering.263 However, it can be seen in Table 3.2, entry 3, 
that using Pd (NO3)2 salt did not improve the activity of the catalyst since the conversion 
of SA remained constant. Hydrogenations that proceed sluggishly at a low temperature 
can be driven to hydrogenated products by merely raising the temperature                            
and/or pressure, as is commonly done in the hydrogenation of itaconic acid to methyl-
γ-butyrolactone over Pd/C catalysts.226  
Therefore, the effects of temperature and pressure were investigated further using        
5% Pd/CNT. Table 3.2, entries 4-8 shows that 200 °C and 70 bar hydrogen pressure 
increased the conversion of succinic acid with 5-fold, with 100 % selectivity to GBL. 
Furthermore, 5% Pt/CNT has also been tested under the same reaction conditions                
(200 °C, 70 bar), Table 3.2, entries 9 and 10 showed that the conversion increased 3-fold 
compared to other reaction conditions (150 °C and 50 bar) with improved selectivity to 
GBL and BDO. The high selectivity (100 %) towards GBL using the Pd based catalyst and 
decent selectivity to BDO using Pt catalyst could be a new platform where the need for 






Table 3-2. Tested catalysts (Reduced) at 5 h reaction time in the hydrogenation of succinic acid. 
Reaction conditions: 50 mg catalyst, 0.1 g SA in 25 mL water. Legend: succinic acid (SA); gamma-
butyrolactone (GBL); 1,4butanediol (BDO); butyric acid (BA); propanol (C3OH); butanol (C4OH); 
carbon mass balance(CMB); propionic acid (PA); p, pressure; t, time; T, temperature; X, 
conversion; Y, yield; NA, not available; #, entry. All catalysts supported on CNT. 
 
 
But for now, ruthenium is a superior catalyst as compared to Pd and Pt under mild 


























150 50 6.38 3.66 0 0 0 0 0 97.2 
3 5%Pd 
(PdNO3)2  
150 50 5.25 3.58 0 0 0 0 0 98.3 
4 5%Pd 150 25 0.33 0 0 0 0 0 0 99.6 
5 5%Pd 200 25 8.40 7.35 0 0 0 0 0 98.9 
6 5%Pd 240 25 26.1 20.68 0 3.94 0 0 0 98.2 
7 5%Pd 200 40 20.4 14.51 0 0 0 0 0 94.5 
8 5%Pd 200 70 32.0 25.67 0 0 0 0 0 93.8 
9 5%Pt 150 50 10.6 5.20 0 0 0 0 0 94.5 





3.3.2.9. Reproducibility and Recyclability Test  
 
Reproducibility and recycling the best catalyst so far (5% Ru/CNT) was investigated. In 
terms of reproducibility, Table 3.3 shows that under the same reaction condition, we 
have achieved almost the same conversion and selectivity.  
 
Table 3-3. Reproducibility test using 5% Ru/CNT (Reduced) at 5 h reaction time in the 
hydrogenation of succinic acid. Reaction conditions: 50 mg catalyst, 0.1 g SA in 25 mL water. 
Legend: succinic acid (SA); gamma-butyrolactone (GBL); 1,4-butanediol (BDO); butyric acid (BA); 
propanol (C3OH); butanol (C4OH); carbon mass balance(CMB); propionic acid (PA); p, pressure; t, 





Regarding the recyclability test, after each reaction test, the spent catalyst (5% Ru/CNT) 
was separated from the mixture by filtration, washed with deionized water, and dried it 
in a vacuum oven at 80 °C. As it can be seen from Figure 3.30, the activity decreased 
rapidly after the each run from 75.8 to 34 to 21 % (conversion). No leaching of Ru was 
observed in the aqueous solution after the reaction. As the catalyst was exposed to the 
air between the runs during the washing and drying, the change of Ru oxidation state as 
the probable reason for this decrease in activity.  
   



















1 150 50 77.8 41 7.2 11 10.7 4.7 0 85.9 





























































Figure 3.29. Recycling tests of reduced 5%Ru/CNT (just wash and dried between the 
runs). Reaction condition: T: 150 ˚C; H2 pressure: 50 bar; reaction time:5h; succinic acid: 
0.1 g; catalyst: 0.05 g; reaction time: 5 h, solvent (H2O): 25 mL. Legends: Conversion (X), 




Su and co-workers264 studied Ru nanoparticle-based catalysts and found that air 
sensitivity of metallic ruthenium can be connected to its morphology and metal-support 
interaction. Furthermore, TEM images, taken after the second run are presented in 






Figure 3.30. TEM images and particle size distributions of spent 5 %Ru/CNT after 






The results show that the Ru particle size increased from 1.4 nm (freshly reduced                  
5% Ru/CNT) to 2 nm (after a second catalytic run). This may be responsible for the low 
reactivity of 5 %Ru/CNT. Another recycling test was performed using the same catalyst 
(5% Ru/CNT) with a reduction step (treating a catalyst in flowing of H2 to regenerate it) 
between the applied, and the results are displayed in Figure 3.32.  
 
























































Figure 3.31. Recycling tests of 5%Ru/CNT re-reduced at 400 °C and 1 h between the 
runs.  Reaction condition: T: 150˚C; H2 pressure: 50 bar; succinic acid: 0.1 g; catalyst: 
0.05 g; reaction time: 5 h, solvent (H2O): 25 mL. Legends: Conversion (X), carbon 
mass balance (CMB). 
 
 
It seems the reduction step slows down the deactivation issue since the conversion of 
succinic acid decreased from 73.5 to 49 to 40 % instead of 76 to 34 to 21 % when washing 





The reduction step could regenerate Ru, and in a typical industrial fixed-bed reactor the 
catalyst would not be exposed to air. Hydrogenation of succinic acid leads to a reaction 
sequence and the increased selectivity to GBL in successive runs as conversion decreases 
also indicates the reaction is simply being slowed down and even in this case the activity 
could be compensated by increasing the reaction time. From these observations, it 
appears that the case for deactivation is a combined effect of agglomerations, but also 






Liquid-phase hydrogenation of succinic acid to 1,4-butanediol is a demanding reaction. 
Several parameters have been investigated such as temperature, pressure, and metal 
percentage as well as metal-support interactions. The conversion increase as 
temperature and pressure increases. Elevated temperatures up to 240 °C significantly 
increased the reaction rate, but also negatively impacted the selectivity to desired 
alcohol products. The reaction was carried out in aqueous solution without the 
assistance of any additives and performed under mild conditions (150 °C, and 50 bar) 
compared to those previously reported where more severe conditions along with the 
organic solvent, i.e., 1,4-dioxane was used, thus meeting the criteria of green chemistry. 
Moreover, mild conditions also diminish the hydrogenolysis side reactions enhancing 
the prospects of BDO production via GBL.  
Washing CNT (with water) produced more active Ru based catalyst for the 
hydrogenation of succinic acid. Furthermore, a mixture of particles (inside and outside) 
of the CNT, 5% Ru/(MIX)CNT, showed better activity than the sample (5% Ru(IN)CNT) 
where we assumed (based on the preparation procedure) that the particles are inside 
the channels. This might be due to the fact the Ru particles are inside the channels of 





CO-chemisorption showed that 5% Ru(IN)CNT has a lower dispersion compared to the 
5% Ru(MIX)CNT. Moreover, the succinic acid conversion increased with Ru loading. The 
most active catalyst had 10 wt. % Ru loading giving 100 % conversion of SA within two 
hours under same reaction conditions (150 °C and 50 bar). However, 5% Ru/CNT showed 
better selectivity towards alcohol products.  
The reaction proceeded faster using a Ru catalyst supported on CNT compared to AC, 
we found that the hydrogenation activity in the transformation of succinic acid increases 
over 5 times in terms of turnover frequency using carbon nanotubes as support for 
ruthenium nanoparticles. In addition, 5% Ru/AC and 5% Ru/CNT were also characterised 
by XPS, suggesting that the binding energy of ruthenium decreased due to the electronic 
properties of CNT in comparison with AC, which could in turn enhance the catalytic 
activity of Ru/CNT. The benefits of using CNT as support on activity extended to Pd and 
Pt beside Ru. The Pd catalyst was an inactive catalyst in the hydrogenation of SA which 
may be due to a lack of proper dispersion. However, regardless the metals used, the 
superior activity of the catalysts supported on CNT might be due to the electronic 
promotional effect of the carbon nanotubes which is supported by previous literature 
(more characterisation might be needed to explain this high activity, and it will be 
discussed in Chapter 4).  
In recycling tests, the activity of the catalyst decreased rapidly after the first run perhaps 
due to the Ru particle size or change in Ru oxidation state since the catalysts were 
exposed to the air. However, introducing a reduction step in between the runs slowed 
the deactivation that it is due to particle agglomeration.  
In this chapter, 5% Ru/CNT efficiently converted aqueous succinic acid under mild 
conditions, (150 °C and 50 bar) i.e. 95.4 % succinic acid conversion in 11 hours. The total 
alcohols (1,4-butanediol, propanol, and butanol) yield using 5% Ru/CNT after 23 h 
reaction time was 40 % but the selectivity to a single alcohol remains as an issue. The Ru 


























             
           CHAPTER 4 
 
Ru Catalysts Modified with Sn for 
Liquid-Phase Hydrogenation of 






Chapter 4: Ru Catalysts Modified with Sn for Liquid-Phase 




Bio-based succinic acid (SA) is a promising platform chemical from the bio-refinery, 
mainly produced by a fermentative process using renewable biomass,64 which has the 
potential to become a full replacement of the traditional fossil-based routes.79 The 
fermentation processes along with the catalytic processes driven by hydrogen could 
bring an economical and clean competitive pathway for the manufacture of BDO from 
renewable carbohydrate feedstock (fermentation of glucose/saccharose)265,266 instead 
of petroleum.  
The universal demand for BDO is expected to grow as the consumption of these 
polymers is rapidly increasing across the automobile and electronics industries. BDO 
could also be converted to gamma-butyrolactone (GBL), which is a very well-known 
intermediate in the preparation of various pharmaceuticals, via dehydrogenation 
processes.267 BDO could be transformed to tetrahydrofuran (THF) by dehydration 
processes, and is mainly used to produce poly-tetra-methylene glycol (PTMEG) and 
polyvinyl chloride (PVC).268 
BDO is entirely manufactured from petroleum-based feedstock through numerous 
routes such as acetylene, propylene, maleic anhydride, and butadiene.269,270 These 
processes, conversely, have some inherent disadvantages due to their oil-derived 
nature. For example, during the maleic anhydride process, the release of CO2 is 
unavoidable because it is produced by oxidation of benzene or n-butane.270 From an 
economic perspective, the price of BDO is influenced by the price of crude oil.108 
Therefore, finding another resource such as biomass to produce it, is highly demanded 





One of the early reports on the hydrogenation of succinic acid was published in 1955 by 
Carnahan et al.271 Under high H2 pressure (720–950 bar) and 152–192 °C, the study 
showed 59 % total yield of BDO, n-propanol, and n-butanol over RuO2 catalyst. The 
synthesis of a single alcohol, however, would have been preferred. In 2002, Deshpande 
and co-workers studied the hydrogenation of succinic acid in 1,4-dioxane extensively 
using Ru-Co catalyst.272  
Using harsh reaction conditions (250 °C, 103 bar), the study achieved 50 % and 60 % 
selectivity for BDO and THF respectively. It should be noted that producing a single 
product, particularly BDO from the hydrogenation of succinic acis is challenging task due 
to the formation of another by-products, which diminishing the selectivity towards        
1,4-butanediol.  
Previous research, has concluded that the monometallic catalysts were unselective to 
BDO. This series of monometallic Pd,273,274 Ru,23 and Re,105 catalysts supported on 
different carbon materials have been reported for the hydrogenation of succinic acis to 
THF and GBL. However, bimetallic catalysts have displayed selectively to BDO, 
suggesting a direct effect on the catalytic activity of a system.275 Comparatively, 
monometallic catalysts tend to have lower catalytic performance in specific reactions 
compared to bimetallic catalysts.276  
 
The size and morphology of active particles could improve along with catalyst selectivity 
after adding metal (s) to the given catalyst; this effect is not yet well understood.27,276 
Throughout literature reports Pd–FeOx/C,122 Pd–Re/TiO2,106 and Re–Ru/C.86 Re and Fe 
were successfully used as promoters to increase the production of BDO. Liu et al.122 used 
Pd-Fe/C to hydrogenate succinic acid. The study reported that the good dispersion, 








Re alone was not sufficient to attain a high yield for BDO.81,115,130,277 The role of Re as a 
promoter to enhance the selectivity for BDO was not adequately clarified in these 
reports. The combination of a noble metal and rhenium made the chemical and 
structural analyses difficult.86 For instance, noble metals such as Ru, Pt, and Pd can be 
miscible since all these metals have quite similar atomic size making probing the 
characterization complicated.86,121 Due to the high cost of Re the need to explore an 
alternative metal is recommended.   
 
Tin (Sn) has been successfully used as a promoter for Pt-based catalysts in 
hydrogenation reactions.278-280 Most of the studies considered the addition of Sn to Pt 
catalysts to enhance the selectivity for alcohol products due to the performance of Snn+ 
species.52 The presence of Lewis acid sites (provided as Sn2+) near the metal particles 
may interact with the lone electron pairs of the carbonyl oxygen, which then lead to this 
activity.281  
Researchers examined the effects of Sn on Pt/CNT system in the hydrogenation of acetic 
acid to ethanol.282 Sn inhibits the C-C bond activity of Pt catalyst, which resulted in the 
increased selectivity of ethanol. Carbon nanotubes proved to be a better support for the 
Pt-Sn catalytic system than TiO2, ZrO2 or SiO2 in the hydrogenation of acetic acid to 
ethanol. The study explained this phenomenon by the formation of a well-dispersed Pt-
Sn alloy on CNT surface.282  
Several researchers have successfully used Ru-Sn systems supported on Al2O3, SiO2, and 
AC to hydrogenate the C=O bond in different reactions such as croton-aldehyde, fatty 
acids, and their esters to the corresponding alcohols.148,283,284  
The Coq at el.285 performed hydrogenation of cinnamaldehyde using different 
promoters (Sn, Ge, Zn, Fe, and Au) to Ru catalyst, however, tin proved to be the better 
option. The reaction has performed at 109 °C, 45 bar, and the mean size of the particles 






Ru-Sn catalyst increased both the activity (conversion) and selectivity to cinnamyl 
alcohol due to two reasons: (i) the electron transfer from Sn to Ru which increase the 
electron density at the active Ru site; (ii) presence of Ru-Sn sites which contain Sn 
cations. These are play an important role to co-ordinate the oxygen atom in the carbonyl 
group and activate them.285  
Pouilloux et al.286 hydrogenated methyl oleate into oleyl alcohol over Ru-Sn/alumina 
catalysts. In their proposed reaction mechanism, Sn2+/Sn4+ Lewis acid sites polarize the 
carbonyl group of methyl oleate while metallic Ru sites promote the H2 dissociation 
(Figure 4.1).  
Lewis acid Sn sites have the potential to activate the carbonyl group and this property 
has been used for reduction of the aldehydes/acids to alcohols.287 The polarization of 
the carbonyl group of the ester/carboxylic acid can be accomplished via the interaction 











Figure 4.1.Mechanism of the hydrogenation of methyl oleate into oleyl alcohol 






It was demonstrated in the literature that the alcohols formation is strongly depends on 
the Sn/metal ratio. Musci et al.288 reported that the best Sn/Ru ratio is 0.4, where 85 % 
selectivity for furfuryl alcohol was achieved in the hydrogenation in furfural at 90 °C and 
12.5 bar. On the other hand, Galvagno reported that as increasing the Sn/Ru ratio, the 
catalytic activity decreases in hydrogenation of cinnamaldehyde due to a poisoning 
effect of Sn.289 The presence of tin can block the Ru metal sites on the catalyst and 
depress the catalytic acidity (geometric effect).289  
Recently, several studies are referring this high selectivity strongly to a formation of 
metal-tin alloy.290 Ru-Sn alloy showed better selectivity to alcohol product for some of 
hydrogenation reactions.291,292 The achievement of these previous reports have 
encouraged us to develop Ru-Sn based catalysts for the hydrogenation of succinic acid 
and levulinic acid to produce the diols.  
A series of Ru-Sn catalysts was prepared using CNTs and AC as supports to compare their 
intrinsic activities and selectivity’s in SA hydrogenation to produce BDO. The supported 
catalysts characterized by X-ray powder diffraction (XRD), temperature-programmed 
reduction (TPR), transmission electron microscopy (TEM), X-ray photoelectron 
spectroscopy (XPS), and CO chemisorption.  These techniques have been used to be able 
to find out the critical role of the tin in Ru-Sn catalyst in which the use of this promoter 




All catalysts in the current chapter were prepared using incipient wetness impregnation 
method. We performed the catalytic reactions in stainless steel Parr 4590 series reactor 
equipped with an overhead gas entrainment stirrer. The procedure along with the 





4.3. Results and Discussion 
 
4.3.1. Catalysts Characterization  
 
4.3.1.1. X-Ray Diffraction Analysis (XRD) 
 
The XRD patterns of Ru catalysts with different Sn loading after the reduction at 400 °C 
is presented in Figure 4.2. In all diffractograms, the strongest diffraction peak appears 
at around 25.7°, peaks with medium intensity at 42.5° and weak peak, at 78.1° and can 
be indexed as (002), (100), and (110) reflections of graphite structure, respectively.223,224 
(JCPDS 001-0640, 003-0401) There was only a possible indication of a broad maximum 
of Ru (101) at 44° and Ru (110) at 68° (JCPDS 001-1253) in 5% Ru/AC and 2% Sn-5% 
Ru/AC. No sign of crystalline phases of metallic Ru in the other Ru catalysts supported 
on CNT was found, suggesting that the Ru nanoparticles are too small to be analyzed by 
XRD.  
Regarding, 2% Sn/CNT, no clear diffraction peaks were assignable to Sn particles, 
suggesting well-dispersed particles on CNT’s as all the diffractions were below the XRD 
detection limit. Figure 4.2 shows the x-ray diffraction of Ru-Sn catalysts with database 
diffraction pattern of the intermetallic compound (Ru-Sn). We could not detect any 
diffraction peaks related to the alloys. The species of ruthenium-tin alloys might be too 
small to be distinguished by X-ray apparatus or might be because of their low content in 
the catalyst.  
Based on many reports on the hydrogenation of fatty acid derivatives, the formation of 
Ru-Sn alloys and Ru3Sn7 crystalline phase (Figure 4.1) were an active component of the                   
catalysts.23,293 We should note here that due to the inability to detect the Ru-Sn alloy, 
we could not have concluded. However, it has been reported that it could be 
Ru3Sn7.23,293 
 
𝑋 (%) = (𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑆𝐴 –  𝐹𝑖𝑛𝑎𝑙 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓  𝑆𝐴)
/(𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑆𝐴) × 100 
𝑆 (%) =  ((𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑃𝑟𝑜𝑑𝑢𝑐𝑡)/(𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑘𝑛𝑜𝑤𝑛 𝑃𝑟𝑜𝑢𝑐𝑡𝑠 )) × 100  







Figure 4.2. XRD patterns of activated carbon, carbon nanotube, reduced Ru-Sn catalysts. The 
database diffraction pattern of Ru3Sn7 alloy, adopted from Lee et al.23 
 
 
4.3.1.2. Transmission Electron Microscopy (TEM) 
 
TEM analysis confirmed that Ru nanoparticles were highly dispersed on both supports 
and no agglomerations were observed. TEM images of (2% Sn-5% Ru/CNT and 2% Sn-
5% Ru/AC) were acquired together with the profile analyses of the surface compositions 
by EDX. The result showed that Sn is approximately located at the identical places as Ru. 
This could be a significant indication for a formation of Ru-Sn alloy. Figure 4.3 and 4.4 
show TEM images of bimetallic catalysts (2% Sn-5% Ru/CNT and 2% Sn-5% Ru/AC) along 






   
  


















Figure 4.3.TEM images of reduced 2% Sn-5% Ru/AC (scale bars of 20 and 50 nm) 
































Figure 4.4. Images of reduced 2% Sn-5% Ru/CNT (scale bars of 50 and 100 nm) 





The surface properties of the carbon support could significantly affect the metal particle 
size,294 which was observed in monometallic Ru catalysts supported on AC and CNT.                         
In Chapter 3, a fair distribution of the Ru particles was detected in monometallic 
samples. The average particle size was 1.3±0.2 nm and 1.4±0.3 nm for 5% Ru/AC and 5% 
Ru/CNT respectively. The same trend was also observed here in bimetallic Ru catalysts 
since 2% Sn-5% Ru/AC and 2% Sn-5% Ru/CNT showed size of 1.3±0.3 nm and 2±0.6 nm 
respectively. 
 
4.3.1.3. Metal Dispersion by CO-Chemisorption  
 
 
Bimetallic catalysts showed an increased particle size on both supports (AC and CNT) 
after the introduction of Sn, which was supported by the CO-chemisorption results. 
According to the literature, this increasing in particle size could suggests the formation 
of a deposit of Sn in Ru.288  The CO chemisorption and calculated metal dispersions are 
presented in Table 4.1. 
CO does not adsorb irreversibly on ionic Sn, metallic Sn, or noble metal particles 
decorated or coated by Sn.295-297 Thus, in the Ru-Sn bimetallic system, it is considered 
that CO is only chemisorbed on the Ru surface. The addition of Sn, according to                       
Table 4.1, decreases the CO uptake, which strongly suggested that Sn is binding to Ru 
sits and blocking adsorption.289 It can be seen that a monometallic 5% Ru/CNT had 






Table 4-1. List of redudced catalysts, results of CO chemisorption, nitrogen physisorption, and 







































56.1 11.3 1.3±0.3 584 0.7 5.0 
6 AC    664 0.8 4.7 
7 CNT    283 1.2 17.3 
 
 
In Table 4.1, entries 2-4, the Ru dispersion on CNT decreased as the Sn loading increased 
which might be due to the strong interaction between Ru and Sn. In addition, the same 
trend was noticed for Ru catalysts supported on AC (Table 4.1, entries 1 and 5). These 
results suggest that the synthesis method resulted in a strong interaction of Ru with Sn 






4.3.1.4. Nitrogen-Physisorption Analyses 
 
 
We analysed the surface area and the pore size of the catalysts, the results were 
shown in Table 4.1. The monometallic ruthenium catalysts supported on AC and CNT 
displayed high surface areas, but low total pore volume compared to bimetallic 
catalysts. Regarding the Ru/AC, the total pore volume and the surface area decreased 
after introducing Sn whereas the average pore diameter increased (Table 4.1, entries 1 
and 5).  
The surface area for Ru-Sn catalysts supported on CNT decreased as introducing Sn to 
the catalyst and as increasing, the Sn loading the surface area decreased further. The 
surface area decreased from 317 m2/g for (5% Ru/CNT) to 284 m2/g and 239 m2/g for 
1% Sn-5% Ru and 2% Sn-5% Ru respectively (Table 4.1, entries 2-4).  
The total pore volume for Ru-Sn catalysts supported on CNT augmented as increasing 
the Sn loading. 2% Sn-5% Ru/CNT had the lowest catalyst surface 239 m2/g and high 
pore diameter 30 nm compared to all monometallic and bimetallic Ru catalysts (Table 
4.1, entry 4).  
 
4.3.1.5. X-Ray Photoelectron Spectroscopy (XPS) 
 
 
XPS was used to explore the oxidation state of Ru and Sn on the prepared catalysts. It 
should be noted that Ru catalyst systems are difficult to study by XPS due to the overlap 
of two core levels (C 1s and Ru 3d). However, some information was obtained using Ru 
3p core level spectra.298 As shown in Table 4.2, the binding energy (BE) is shifted after 
introducing tin depending on the support. Monometallic Ru catalyst supported on AC a 
displayed highest binging energy (463.60 eV) however; it showed shifting toward lower 











              5%Ru/AC                5%Ru/CNT 
B.E., eV rel. composition, % B.E., eV rel. composition, % 
1 Ru 3p3            463.6 462.10  
2 Ru(0) 463.3 71.8 461.61 67.6 




           2%Sn-5%Ru/AC            2%Sn-5%Ru/CNT 
B.E., eV rel. composition, % B.E., eV rel. composition, % 
4 Ru 3p3            462.7 462.5  
5 Ru(0) 462.2 74.0 462.0 89.5 
6 RuOx 465.2 25.9 465.0 10.4 
7 Sn 3d3 483.2                                           483.2  
8 Sn(0) 483.3 11.3 482.0 15.8 
9 SnOx  486.1 88.7 486.1 84.2 
Note: B.E. stands for binding energy. 
 
 
5% Ru/CNT presented the lowest BE value amongst all tested catalyst (462.10 eV). Here 
also, Ru supported on CNT showed shifting but to higher BE values after introducing tin 
(462.50 eV). This shifting in BE might confirm the electronic effect of tin over Ru.288 
Furthermore, the BE shifts indicated a strong interaction between Ru and Sn which it 
would be sign of a formation of alloy.12,299  
We deconvoluted the XPS spectra of Ru 3p3 (Figure 4.5) and Sn 3d3 (Figure 4.6) core level 






























Figure 4.5. Ru 3p3 core-level spectra for different Ru catalysts showing the fitted spectra. 
 
 
    





Ru 3p3 core level energies for 5% Ru/AC, 5%Ru/CNT, 2%Sn-5%Ru/AC, and 2%Sn-
5%Ru/CNT are a little higher than those reported for Ru in the literature (i.e. 461.7 eV 
for Ru0, 463.2 eV for RuO2, 463.5 eV for RuO3 and 463.8 eV for RuCl3).240,241 H2-TPR 
results later (Figure 4.7) confirmed the reduction of Ru occurred well below the pre-
treatment temperature therefore it is anticipated that majority of ruthinum is in 
oxidation state 0. 
 
The surface composition of Ru determined by XPS is very similar in 5% Ru/AC, 2%Sn-5% 
Ru/AC, 5% Ru/CNT ca. 67-74 % and 25-32 %, whereas 2% Sn-5% Ru/CNT showed the 
highest percentage for Ru0 (89.6 %) and the lowest percentage for RuOx (10.4 %) (Table 
4.2, entries 1-4).  
In the Sn 3d core level energies, the BE for 2%Sn-5%Ru/AC and 2%Sn-5%Ru/CNT are 
different than what was reported in the literature (i.e. 285.5 eV for Sn0 and 287 eV for 
SnOx).288  The results in Table 4.2 showed that the binding energies in 2%Sn-5%Ru/AC 
are 483.33 eV (Sn0) and 486.18 eV (SnOx) whereas in 2%Sn-5%Ru/CNT, the BE were 
483.05 eV (Sn0) and 486.18 eV (SnOx).  
The surface composition of Sn in (2% Sn-5% Ru/AC and 2% Sn-5% Ru/CNT) samples are 
quite similar and the percentage of SnOx is higher than Sn0 in both samples (Table 4.2, 
entries 8 and 9).  
 
4.3.1.6. Reducibility of the Ru Based Catalysts by H2-TPR 
 
The reducibility of the as-synthesized samples using temperature programmed 
reduction with hydrogen (H2-TPR) was investigated to understand the redox properties 
and interaction between Ru and supports.232,233 The analysis indicated the interaction 
between the support and the active component, as well as determined the appropriate 
reduction temperature for activating the catalyst prior to the activity assessment.173,300 
Figure 4.7 displays the reduction profiles for various X% Sn-5% Ru/CNT catalysts, 






           Figure 4.7. H2-TPR profiles for different catalysts (reduced) supported on CNTs and AC.  
 
 
The H2 consumption patterns are different from all the tested catalysts which might 
reflect in their catalytic performance. The high-temperature intake of H2 over 5% 
Ru/CNT (0% Sn) at 420-580 °C was due to the methane formation through reduction of 
functionalized carbon in the presence of supported metals.85 Methane formation was 
less evident for samples containing 2 % and 5 % Sn than samples with 1 % Sn, 
monometallic Ru (5 %), and 2% Sn-5% Ru/AC. As the loading of Sn increased in the 
catalyst, the reduction peak (#1) disappeared compared to 5% Ru/CNT which might be 
due to the decrease of the surface of Ru catalyst as being addressed in the literature.292 
It is possible that the disappearance peak might relate to undetected free Ru, suggesting 
the formation of a Ru-Sn alloy,297 or potentially due to the strong interaction between 
Ru-Sn, preventing the Ru reduction.286 

























The second reduction peak (#2) shifted towards higher temperature in samples 
containing, Sn and the intensity of this peak was enlarged as the Sn content increased 
in Ru-Sn catalysts supported on CNT. This peak was shifted further in the case of 2% Sn-
5% Ru/AC compared to 5% Ru/AC.  
On the other hand, 2% Sn/CNT showed peak at 260 °C which perhaps correlates to the 
reduction of Sn (II).301 This peak was absent in all bimetallic Ru-Sn catalysts. Under 
reduced conditions (400 °C), all metals salts used in the current chapter could be 
completely converted into metallic form without loss of the carbon support.  
 




Ammonia (NH3) and carbon dioxide (CO2) TPD were employed to investigate the total 
acidity and basicity of different catalysts supported on AC and CNT. The results of 
deconvoluted temperature programmed desorption profiles of NH3 and CO2 are 
presented in Figure 4.8. The full profiles can be found in appendix (Figures 8.18                   
and 8.19). 
AC displays virtually no acidity compared to CNT which gives 123.43 and 100.35 µmol/g, 
respectively. Furthermore, both 5% Ru/CNT and 5% Ru/AC, do not show any significant 
basicity compared to bare supports. However, 5% Ru/AC displays a high amount of acid 








Figure 4.8. Acid properties represented by amounts of NH3 desorbed from 
respective temperature programmed desorptions [µmol/g]. Note (All catalysts 
are reduced before the test). 
 
On the other hand, after introducing Sn to the monometallic Ru catalysts supported on 
AC and CNT, the acidity and the basicity of the catalysts increased. Regarding the Ru 
catalysts supported on CNT, as the Sn wt. % increased from 1 to 5 %Sn the acidity of the 
catalyst increased indicating the increasing surface acidity of Ru-Sn catalysts.  
It should be noted here, that the acidic peak at around 220 °C (Figure 8.19, Appendix) 
on monometallic Ru catalysts supported on CNT disappeared after introducing Sn to the 
catalyst. This site might be the active site which is responsible for 5%Ru/CNT C-C bond 
cleavage activity, as it will be shown later. 































Comparing the basicity of bimetallic catalysts, the basicity of the catalyst increased in 
1% Sn-5% Ru/CNT and 2% Sn-5% Ru/CNT compared to 5% Ru/CNT however, 5% Sn-5% 
Ru/CNT showed lowest basicity (35.7 µmol/g) when compared to all tested catalysts 
(Figure 4.9).  
 
 
Figure 4.9. Basic properties represented by amounts of CO2 desorbed from 
respective temperature programmed desorptions [µmol/g]. Note (All catalysts are 
reduced before the test). 
 
 
2% Sn-5% Ru/CNT showed low acidity and high basicity whereas 2% Sn-5% Ru/AC 
showed the opposite trend. 2% Sn-5% Ru/CNT showed highest basicity, 376.3 µmol/g 
and in Figure 8.20, Appendix, the peak appear at lower temperature (96° C) compared 
to 5% Ru/CNT (101 °C), 1% Sn-5% Ru/CNT (101 °C) and 5% Sn-5% Ru/CNT (102.9 °C). 






























4.3.2. Hydrogenation of Succinic Acid over Ru-Sn/CNT Catalysts 
 
 
Through SA hydrogenolysis and hydrogenation, useful C4 alcohols, such as BDO and           
1-butanol, can be derived using a monometallic catalyst. We showed in Chapter 3 that 
monometallic Ru catalysts are not selective for BDO production due to a high cracking 
ability of Ru catalysts, as also reported in the literature.81  
5% Ru/CNT showed ~40 % yield of alcohols (BDO, n-propanol, and n-butanol) at 150 °C, 
50 bar. However, selectivity towards a single alcohol is desired. BDO is the most 
significant chemical from the hydrogenation of succinic acid due to its huge global use 
in the polymer industry.302 Therefore, the development of Ru based catalyst using a 
promoter is essential to decrease the Ru catalysts cracking ability, which will then 
increase the selectivity for BDO.  
Initially, we doped 5 wt. % Sn with 5% Ru/CNT and the prepared catalyst (5% Sn-5% 
Ru/CNT) was tested at (150 °C and 50 bar) in the pressure autoclave reactor. The results 
showed excellent selectivity (100 %) to GBL and no formation of any other products 
including C-C cleavage bond products. However, the activity was diminished since the 
conversion decreased from 78 % to 15 % after 5 h reaction time as shown in Table 4.3, 
entries 1 and 2.  
The carbonyl group of carboxylic acid is less reactive than that of aldehydes and ketones 
due to the intrinsic steric hindrance, and a weak polarisability of the C=O bond. 
Therefore, to increase the rate of the reaction, we must have performed the reaction in 
severe reaction conditions.290 
The results in Table 4.3, entries 2 and 3 showed that the conversion increased from                 
15 % to 66 % at 240 °C and 25 bar. Likewise, when the hydrogen pressure was kept at 
25 bar (limited by the reactor), and the temperature was increased to 240 °C, the GBL 





Table 4-3.Tested reduced catalysts at 5 h reaction time in the hydrogenation of succinic acid. 
Reaction conditions: 50 mg catalyst, 0.1 g SA in 25 mL water. Legend: succinic acid (SA); gamma-
butyrolactone (GBL); 1,4-butanediol (BDO); butyric acid (BA); propanol (C3OH); butanol (C4OH); 
carbon mass balance(CMB); propionic acid (PA); p, pressure; t, time; T, temperature; X, 
conversion; Y, yield; NA, not available. All catalysts supported on CNT.  
 
 
We know that the BDO formation is a result of the further hydrogenation of GBL and 
based on some tests (not shown here), increasing the H2 pressure was the critical step 
to push the reaction further to BDO. To do so, we had to change the reactor and use the 
Parr reactor where more hydrogen pressure could be introduced. Reaction conditions 
of 200 °C and 70 bar were chosen for further investigation. 
We used 5% Sn-5% Ru/CNT again but in Parr reactor rather than pressure autoclave 
reactor at 200 °C and 70 bar. The result showed less conversion compared to 5% Ru/CNT 
which was perhaps because of the excess of Sn which was might cover a high range of 
Ru particles as described in the literature.303 By Serrano-Ruiz et al.303 who proposed that 
the high percentage of Sn decreases the activity of Pt-Sn catalyst in the hydrogenation 






























240 25 66.4 53.04 0 0 1.36 0 0 87.9 





Therefore, we prepared another Ru-Sn catalyst with loading of Sn=1 %. The results of 
hydrogenation of succinic acid using 1% Sn-5% Ru/CNT compared with 5% Ru/CNT at    
200 °C and 70 bar are displayed in Figure 4.10. The reaction was faster using the 
monometallic Ru catalyst as compared to 1% Sn-5% Ru/CNT. The latter catalyst 
converted SA in 8 h reaction time where the monometallic Ru catalyst showed the same 
conversion at 45 min.  
 
 




















































Catalysts supported on CNT
 CMB
 
Figure 4.10. Comparison of the selectivities at iso-conversion of succinic acid supported of 
CNT, 5% Ru/CNT vs 1% Sn-5% Ru/CNT at 200 °C, 70 bar hydrogen pressure using 50 mg 
catalyst, 100 mg succinic acid in 25 mL H2O. 
 
 
The proper selectivity comparison should be made at iso-conversion. However, we could 





Nevertheless, the selectivity for GBL/BDO was better after introducing 1 wt. % of Sn to 
5% Ru/CNT since the selectivity for BDO increased 6-fold and the competitive products 
to GBL that comes from the C-C cleavage (propionic acid/butyric acid) are less prevalent. 
The reaction mixture also displayed the formation of n-propanol, n-butanol, and THF.  
The formation of those undesired by-products could result from the further 
hydrogenation and dehydration of BDO, respectively. n-Propanol and n-butanol possibly 
will be formed from the hydrogenation of propionic acid and butyric acid, respectively. 
Due to by-products formation, producing high yield of BDO could be low. The presence 
of Sn drastically changed the product distribution leading to the formation of BDO. 
However, 1% Sn was not enough to prevent C-C bond cleavage of Ru catalyst. Therefore, 
we prepared different ratios for Ru/Sn catalysts to achieve higher selectivity for BDO.   
 
4.3.2.1. Effect of Ru to Sn Atomic Ratio on the Formation of BDO 
 
 
The influence of different wt. % of Sn on the catalytic performance over the 5% Ru/CNT 
was investigated, and the results are presented in Figure 4.11. At 98 % conversion of SA, 
200 °C, 70 bar, and 1 h, 5% Ru/CNT with 0% Sn displayed only 4.3 % selectivity to BDO.  
The formation of undesired products took place which are resulted of the C-C bond 
cleavage.  
The maximum selectivity to BDO depended on the loading of Sn present on the catalyst. 
The yield of BDO augmented after introducing 1 % Sn and as increasing the loading of 
Sn in 5% Ru/CNT from 1 %, 1.5 %, and 2 % Sn the yield increased further. However, the 
selectivity decreased again using 2.5 % and 5% Sn based Ru catalyst. BDO selectivity 
displayed a volcano trend, where the optimal Sn loading was 2 wt. % and the formation 






The C (1s)/Ru(3d) core-level spectra showed that the BE increased in the following order:         
2% Sn-5% Ru/CNT < 5% Sn-5% Ru/CNT < 1% Sn-5% Ru/CNT. It seems that the BE value 
correlated with selectivity trend in the reaction. The BDO selectivity increased as the BE 
value decreased which was observed in 2% Sn-5% Ru/CNT. 
 



















































Figure 4.11. Comparison of the selectivities in succinic acid hydrogenation supported of 
CNT, 5% Ru/CNT Vs X% Sn-5% Ru/CNT at 200 °C, 70 bar hydrogen pressure using 50 mg 
catalyst, 100 mg succinic acid in 25 mL H2O at 23h reaction time. Note, 5%Ru/CNT result 
at 1 h reaction time whereas the rest at 23 h reaction time. X: referred to 5%Ru/CNT. 
Legends: Conversion (yellow), selectivity to propionic acid (Grey), GBL (green), 1,4-
butanediol-(Cyan), butyric acid (light green), propanol (blue), butanol (orange), THF 







Using 5% Sn-5% Ru/CNT, the yield of BDO decreased but for GBL increased (Figure 4.11). 
We believed that this was due to the excess of Sn content, which blocks the active sites 
and suppresses the catalytic activity, affecting the further reactions. Same observation 
reported in the literature using Ru-Sn catalyst but on different reactions.289  
 
TPR results showed that the hydrogen consumption of 5% Sn-5% Ru/CNT appeared at 
the higher temperature compared to other bimetallic catalysts, which might be due to 
the strong interaction between Sn and Ru which complicates the activity of the catalyst. 
NH3-TPD results in Figure 8.19 (Appendix) showed that 5% Ru/CNT has two different 
strengths of acidic sites. One site was observed at a low-temperature region around            
(196 °C) and another was at 221 °C. It was observed that after introducing Sn to the 5% 
Ru/CNT the acidic sites at high temperature disappear. The acidic sites at 221 °C might 
be the responsible for the C-C activity in 5% Ru/CNT which affected the formation of 
BDO, since C-C cleavage products were observed in the reaction mixture using                            
5% Ru/CNT. However, after introducing Sn to the catalyst, those by-products formations 
start to decrease and the formation of BDO increased. 
Another explanation would be that after the addition of Sn, the acidic sites which 
appeared at low (196 °C) and high temperature (220 °C) are merged and migrated to              
206 °C. This result might have indicated the formation of Ru-Sn alloy which resulted in 
new acid sites. These new acid sites are more selective for BDO.  
2% Sn-5% Ru/CNT showed high basicity compared to other bimetallic catalysts. Also, this 
catalyst showed high selectivity to BDO. Therefore, it seems that these basic sites served 
as critical active sites for the selective formation of BDO from hydrogenation of SA 
 
The actual role of Sn in the Ru based catalysts unclear yet in this study however Figure 
4.12 depicts how the excess of Sn makes the catalyst (Ru-Sn/CNT) less active 
(Hypothesize). In the beginning, Ru particles were solely on CNTs surface (5% Ru/CNT), 
and they showed better activity for the hydrogenation of SA to GBL, propionic acid, and 





Figure 4.12. Effect of the Sn content on the activity of the catalyst and its promoting reactions. 
Adopted from Zhang et al.282 
 
When 1% Sn was added to the catalyst (5% Ru/CNT), Ru-Sn alloys start to form              
(Figure 4.12, B) but there is free Ru or Sn was not enough to alloy with Ru. Therefore,             
C-C bond cleavage happened to a lower extent beside the improvement to BDO 
selectivity. In (Figure 4.11), 1.5 % Sn-based catalyst showed further improvement in BDO 
selectivity (56.8%) compared to 1% Sn (45.6 %). 
In Figure 4.12, the selectivity to BDO increased to 83 % using 2% Sn-based Ru catalyst. 
This due to the prevention of the C-C bond cleavage activity which implies that all Ru 
particles where alloyed with Sn and might be no Ru particles remain as showed in           
(Figure 4.12, C). However, increasing loading of the Sn to 2.5 and 5 %, could partly block 
and poison the Ru-Sn alloy active sites and diminish the catalytic activity as presented in 
Figure 4.12, D. One of the accepted explanations for the action of Sn in Ru/CNT catalyst 
is the formation of Ru-Sn alloys, which have better activity and selectivity in the 
hydrogenation of succinic acid to BDO via GBL.  
The previous reports,292,304 suggested that Ru and Sn form alloys, however, based on the 
techniques that we used to characterize the catalysts in the current study, we have not 
confirmed it yet. The high dispersion of Ru and Sn on the support are preventing the 





However, the TPR reduction peak shift to higher temperature, different binding energies 
values, and reducing CO-uptakes after introducing Sn to the monometallic Ru catalyst 
suggested the formation of the alloys as discussed in the characterization section. Based 
of theses evidences, we might conclude here that there are bimetallic nanoparticles 
probably alloyed. 
 
4.3.2.2. Effect of Supports on 2% Sn-5% Ru Catalyst to Hydrogenation of 
Succinic Acid   
 
 
At 8-hours reaction time, the conversion was high using 2% Sn-5% Ru/CNT 98.6 % 
compared to 63.9 % using 2% Sn-5% Ru/AC. 2% Sn-5% Ru/CNT showed bigger particle 
size than on 2% Sn-5% Ru/AC. However, the earlier catalyst displayed better activity. 
Figures 4.3 and 4.4 displayed that the Ru-Sn particles are well dispersed, small, and un-
agglomerated on both supports. The average particle size of about 2±0.6 nm and      
1.3±0.3 nm for 2% Sn-5% Ru/CNT and 2% Sn-5% Ru/AC respectively. Therefore, the 
support has a substantial role in the catalytic performance of the catalyst in the 
hydrogenation of SA is the support.  
N2-physisorption results (Table 4.1) showed that 2% Sn-5% Ru/CNT has a high pore size 
(30.21 nm) whereas 2% Sn-5% Ru/AC showed low pore size (5.05 nm). According to 
those results, the activity of the catalysts might depend on the porosity. 2% Sn-5% 
Ru/CNT showed high activity which might be due to its high porosity compared to Ru-Sn 
catalyst supported on AC. Also, another reason regarding this increment in activity is the 
electronic promotion of the carbon nanotubes as we addressed in Chapter 3. On the 
other hand, introducing 2% Sn into 5% Ru/AC was not sufficient to improve the 






The binding energy of Ru3p3 in 2% Sn-5% Ru/CNT was 462.50 eV which is higher than on 
Ru/CNT, 462.10 eV, (Table 4.2, entry 4). Mitsui et al.305 addressed that when the binding 
energy of Ru is higher, the electron deficient ruthenium species (Run+) on the catalyst 
would be higher. Chen et al.211 reported that more electron deficient Ru species (Run+) 
would lead to a low degree of C–C bond cleavage. According to these two previous 
studies, 2% Sn-5% Ru/CNT showed lower C-C bond cleavage activity. On the other hand, 
the binding energy of Ru in 2% Sn-5%Ru/AC was lower (462.70 eV) compared to the 
5%Ru/AC (463.60 eV) sample. This fact was correlated with results obtained. 2% Sn-
5%Ru/CNT displayed high selectivity for BDO due to minimizing the production of 



























































Figure 4.13. Comparison of the selectivities of all products, 2% Sn-5% Ru/AC vs 
2% Sn-5% Ru/CNT at 200 °C, 70 bar hydrogen pressure, and 23h reaction time 






The selectivity for BDO increased from 40 % using 2% Sn-5%Ru/AC to 83 % using 2% Sn-
5% Ru supported on CNT. The low formation of BDO using 2% Sn-5% Ru/AC was because 
the latter catalyst could not stop the formation of undesired products. The formation of 
the Ru-Sn alloy on AC was not successful as reported in the literature.291 Lee at el.291 
suggested that the strong interactions between metal–support in supported Ru-Sn 
catalysts might hinder the formation of Ru-Sn alloy. This fact agrees with the TPR results 
shown in Figure 4.8. The reduction peak of 2% Sn-5% Ru/AC appeared at a higher 
temperature compared to all prepared bimetallic Ru catalysts due to a strong interaction 
between the Ru-Sn and activated carbon. Methanation related peak also observed in 
this catalyst along with 1% Sn-5% Ru/CNT and monometallic Ru catalysts supported on 
AC and CNT. However, this peak is missing on 2% Sn-5% Ru/CNT and 2% Sn-5% Ru/CNT 
and those catalysts showed better selectivity to BDO. It seems to be that methanation 
peak as well is linked to the selectivity somehow. The formation of active bimetallic Ru-
Sn particles may be controlled by support. In this regard, CNT proved to be more 
efficient than AC for the hydrogenation of succinic acid to BDO.  
On the other hand, the previous results on hydrogenation of SA to BDO raised a question 
if increased selectivity would also be observed with other carboxylic acids, such as 
levulinic acid to get 1,4-pentanediol (PDO). PDO, is another useful compound that could 
be used as a monomer for the manufacture of polyesters or as biofuel.65,135  
Using the best catalyst (2% Sn-5% Ru/CNT), the reaction was performed under the same 
reaction conditions. LA was completely hydrogenated to the corresponding lactone (γ-
valerolactone), and as the time increased, the formation of diols was observed. The 
results showed selectivity 56.1 % and 40.1 % to PDO and GVL respectively.  
Figure 4.14 shows the yield of different diols using 2% Sn-5% Ru/CNT at 100 % acids   
conversion. After 23h, 55.3 and 83 % yields were obtained for PDO and BDO from 

















































Figure 4.14 Hydrogenation of different acids (succinic acid and levulinic acid) to BDO 
and PDO respectively, 2% Sn-5% Ru/CNT at 200 °C, 70 bar hydrogen pressure, and 23h 
reaction time using 50 mg catalyst, 100 mg succinic acid in 25 mL H2O. 
  
 
Hydrogenation of LA to PDO needs further optimization to obtain PDO in high yield. The 
synthesis of PDO from LA is difficult; as a result, there is plenty of works in the 
hydrogenation of LA to γ-valerolactone which can be used as a fuel additive,65 whereas 
there is little reports on the hydrogenation of LA to PDO.130-132 Nevertheless, this 









It has been demonstrated that the biomass-derived acids could be efficiently reduced to 
alcohols in high yield using a Ru-based catalyst. The high activity of 2% Sn-5% Ru/CNT in 
the hydrogenation of SA to BDO compared to 2% Sn-5% Ru/AC might be due to higher 
porosity and the electronic properties of CNT as mentioned in XPS results section. N2-
physisorption results showed that 2% Sn-5% Ru/CNT has a higher pore size whereas the 
2% Sn-5% Ru/AC showed low porosity. The porosity of the catalyst has a positive impact 
on the activity of 2% Sn-5% Ru/CNT in hydrogenation of succinic acid.  
 
The formation of a Ru-Sn alloy might be the result of a unique interaction between CNT, 
Sn, and Ru and this is the main reason for the better selectivity to BDO. Ru-Sn alloy is 
suggested based on XPS and TPR results of the all Ru-Sn catalysts. The alloy may be not 
formed successfully in Ru-Sn catalyst supported on AC which might need to find a precise 
ratio between Ru and Sn. Result of that the selectivity for BDO was lower along with the 
formation of undesired by-products compared to 2% Sn-5% Ru/CNT.  
 
The results showed that the selective catalyst for the production of BDO in 
hydrogenation succinic acid is Sn(2%)-Ru(5%)/CNT. At lower Sn loading for example, 1 
and 1.5 %, less BDO formation of BDO is detected since the C-C bond cleavage products 
reduce the formation of BDO. Conversely, when the Sn loading increased, for example, 
to 2.5 and 5%, the catalytic activity of the catalyst slows down. However, if the reaction 
run longer, we would eventually get more BDO from further GBL hydrogenation.     
Amongst all bimetallic catalysts used in this chapter, 2% Sn-5% Ru/CNT proved to be an 
effective catalyst to produce diols from hydrogenation of succinic acid and levulinic acid 






















Selective Hydrogenation of    












5.1. Introduction  
 
In this chapter, the liquid-phase hydrogenation of cis, cis-muconic acid (ccMA) has been 
studied using selective catalysis to synthesise three valuable products, adipic acid (AA), 
-caprolactone (ECL), and 1,6-hexanediol (HDO). Scheme 5.1 shows the reaction 
pathway for the hydrogenation of ccMA to different valuable products through 
hexenedioic acid (HAD).143  
 
   
Scheme 0.1. Suggested scheme for the hydrogenation of cis,cis-muconic acid. 
Adopted from Vardon et al. 143 and Matthiesen et al.135 Note: HDA, hexenedioic acid 
 
AA is traditionally produced via petrochemical routes, unsustainable reagents such as 
benzene and nitric acid.140 Alternatively, AA can be synthesised from glucose through 
ccMA, or glucaric acid as described in Chapter 1. The formation of AA from ccMA will be 





The hydrogenation of cis, cis-muconic acid can be catalysed by transition metals in both 
aqueous and organic solvents. At room temperature and 35 bar of H2, 10% Pt/C 
delivered  97 % yield of AA after 150 minutes in aqueous solution.142 However, in organic 
solution, the reaction was considerably faster. 1% Rh supported on carbon could 
transform 100 % of ccMA in 35 minutes with a 99.8 % yield of adipic acid under mild 
conditions; 24 °C with 24 bar H2 pressure and using ethanol as a solvent.143 However, 5% 
Pd/C was by far the most active catalyst since less than 5 minutes was required for                  
100 % conversion and 97 % selectivity towards AA. The reaction was conducted under 4 
bar H2 pressure at room temperature.134 
Non-noble metals have also been successfully used in aqueous solution to synthesise 
AA. Full conversion of ccMA with 99.8 % yield of AA has been achieved using a 14.2% 
Ni/Al2O3 catalyst under 10 bar H2 pressure, 60 °C and 5 h reaction time.141  
Another valuable product from ccMA is HDO which is produced mostly via petrochemical 
routes through multiple reactions, including cyclohexane oxidation or the hydrogenation 
of AA.151,306,307 However, a recent study shows the manufacture of HDO via HMF is 
possible.145 The third important compound from ccMA is ECL which has a high potential 
in the polymer industry. Nowadays, ECL is manufactured at large scale through 
cyclohexanone oxidation reaction in presence of hydrogen peroxide.308 The catalytic 
hydrogenation of ccMA to ECL, AA, and HDO is an alternative to the traditional process.   
The aim of this chapter is to determine if CNTs based catalyst can be a suitable for the 
hydrogenation of bio-based ccMA into three valuable products. Since Pd on activated 
carbon was the best catalyst in hydrogenation of ccMA to AA134 and throughout the 
literature, Pd catalysts proved to be a highly active and selective towards hydrogenation 
of ethylenic bonds,309,92 this catalyst supported on CNT was selected to be a candidate 
to hydrogenation of ccMA to AA. So, we could assess whether CNTs can also promote 





Finally, different percentages of Ru-Sn catalysts were synthesised by incipient wetness 
impregnation studied for the hydrogenation of succinic acid and levulinic acid to the 
corresponding diols (Chapter 4). Therefore, this longer carbon chain carboxylic acid 
(ccMA) will be used as a substrate again to produce HDO by Ru-Sn catalyst to see if this 
catalyst would be a universal to hydrogenate a wide range of carboxylic acids.  
 
5.2. Experimental  
 
All catalysts (monometallic and bimetallic) used in this chapter were prepared as 
described in Chapter (2) and the catalytic experiments were carried out in a pressure 
autoclave reactor, however; one reaction using 2% Sn-5% Ru/CNT was performed in a 
Parr reactor at reaction conditions (200 °C and 70 bar) and the results appear in the 
effect of pressure section. 
 
5.3. Results and Discussion  
 
The activity and selectivity have been studied using monometallic Pd, Pt, Ru with 
different metal loading and bimetallic Ru-Sn catalyst. The characterisation of 1% metal 
catalyst and activity results of all catalysts are discussed below. 
 
5.3.1. Catalyst Characterizations 
 
5.3.1.1. X-Ray Diffraction Analysis (XRD) 
 
 
Figure 5.1, shows the XRD patterns of different catalysts supported on CNT and AC. No 
discernible Ru reflections are detected for 1% Ru/CNT and 1% Ru/AC, indicating the high 





On the other hand, Pd catalysts showed diffractions of the respective metallic phases. 
Peaks at 40.3° and 46.5° correspond to (111), and (200) planes of the face-centered cubic 
phases of Pd (JCPDS 001-1201). In all CNT-based diffractograms, peaks at 25.7°, 42.5°, 
and 78.5° were indexed as (002), (100) and (110) reflections of graphite structure, 












Figure 0.1. XRD patterns of activated carbon, carbon nanotubes, reduced catalysts: 1% 
Ru/CNT, 1% Pd/CNT, 1% Pd/AC, and 1% Pd/AC. 
 
The pattern of 1% Pd/CNT showed very weak peaks compared to a pattern of Pd 
supported on AC, which might be an indication of a well-dispersed Pd particles on CNTs. 
Moreover, XRD peaks of Pd in the Pd/CNT are more flattened than those in Pd/C, which 
indicates that the Pd average particle size on CNT is smaller than on AC.310 This finding 
is in agreement with the results of XRD patterns obtained from Liao et al.310 when Pd 
supported on AC and CNT were compared.  



























5.3.1.2. Metal Dispersion by CO-Chemisorption  
 
 
To estimate the dispersion of metal species, CO-chemisorption experiments were 
carried out. Table 5.1 shows the CO-chemisorption measurements of different catalysts. 
 










1% Ru/AC and 1% Ru/CNT show almost the same dispersion. The dispersion of the 1% 
Pd catalysts is quite similar in both supports but slightly better on CNT. However, it is 
still lower than Ru uptake which might be due to an agglomeration of Pd particles in Pd 
based catalysts. Overall, Ru particles have better dispersion on both supports than Pd. 
CO does not adsorb irreversibly on Sn thus, in the Ru-Sn catalyst, it is considered that CO 
chemisorbed only on the Ru surface.295 Ru-Sn showed better dispersion than Pd based 
catalyst but not as good as Ru (alone) catalyst.  
 
Catalyst  CO uptake, µmol/g   Metal dispersion, % 
1% Ru/AC 14 14.5 
1% Ru/CNT 13 13.5 
1% Pd/AC 4.6 2.4 
1% Pd/CNT 5.4 2.9 





5.3.1.3. Reducibility of the 1% of Pd and Ru Based Catalysts by H2-TPR 
 
 
The reducibility of the as-synthesised samples using temperature programmed 
reduction with hydrogen (H2 TPR) is presented in Figure 5.2. Two temperature ranges 
are visible in the TPR profiles, lower and higher than 250 °C. <250 °C shows the reduction 















Figure 0.2. H2-TPR profiles for 1 wt. % of different noble metals catalyst (Unreduced) supported 
on CNT and AC 
 
The reduction peak of 1% Pd/AC is sharper compared to all other catalysts which 
demonstrates the formation of a narrower Pd particle size, however, this finding is not 
in line with the CO-chemisorption since the dispersion was 2.45 % which is low compared 
to all tested 1 % metal based catalysts in this chapter.  






















Moreover, this peak is shifted to a higher temperature which indicates a strong 
interaction between Pd precursor and support (AC) this result agrees with the findings 
of He et al, report.311  H2 TPR results also show different redox properties between two 
metals supported on CNT which might be attributed to the electronic promotional 
effect. Pd supported on CNT seem to be easier to reduce (reduction peak appears at a 
lower temperature) compared with Pd/AC whereas the opposite trend observed 
regarding Ru based catalysts. Small Ru particles could be reduced at a lower temperature 
than larger particles due to a high interaction between those large particles and the 
support,312 and this fact is clearly shown in the H2 TPR results. The Ru/AC reduction peak 
appears at a lower temperature compared to Ru supported on CNT which might be an 
indication of the formation of small particles. A broad peak around 400-500 °C 
corresponds to the reduction of carbon species or carbon-related functional groups,233 
or due to the carbon methanation which was shown to occur in the presence of 
supported metals.85,230,232 This can be seen clearly in all catalysts and this could be 
followed by subsequent catalyst deactivation.233  
 
 
5.4. Activity Measurement  
 
 




AA was successfully produced from ccMA using 4-different catalysts at 80 °C and 10 bar 
of H2 pressure, as seen in Figure 5.3. Ru/CNT catalyst showed less activity than both Pd 
catalysts supported on AC and CNT in the hydrogenation of ccMA to AA, and the yield 
followed the sequence Pd/AC > Pd/CNT > Ru/AC > Ru/CNT. Comparing activity, 1% 
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Figure 0.3. Hydrogenation of muconic acid (MA) to adipic acid for 15 min. Reaction 
conditions: 1% of metal in all catalysts (0.017g), MA (0.068g) solvent (30 mL), 
Temperature (80 ˚C), H2 pressure (10 bar), and reaction time (15 min). Legends:  
Conversion (yellow)-(X), yield to adipic acid (AA)-(green), epsilon-caprolactone (ECL)-
(orange), 1,6-hexanediol (HDO)-(blue), carbon mass balance (CMB)-(gray). 
 
The electronic effect of the CNT as a support enhanced some reported reactions such as 
hydrogenation of 2,5-hydroxymethylfurfural to 2,5-dimethylfuran236 and hydrogenation 
of acetic acid to ethanol.282 However, this effect might be the reason for low activity in 
the hydrogenation of ccMA (contained C=C double bond) to AA. The electron density at 
the active metal sites increased by the electrons transfer from CNT to them in which it 
decreases the chance of hydrogenation of the C=C bond via dropping the interaction 
between the metal and the π bonds of C-C.285 It seems that the activity enhancement 





Do to the higher activity of metals supported on AC, they were compared again at a 
shorter reaction time, 5 min. Figure 5.4, shows that 1% Pd/AC was the best catalyst for 
hydrogenation ccMA to AA since full conversion was achieved in less than 5 min with 
98.1 % yield of AA. However, 1% Ru/AC was less active and show 81 % conversion of 













































Figure 0.4.Hydrogenation of muconic acid (MA) to adipic acid for 5 min. Reaction 
conditions: 1% metal catalysts (0.017g), MA (0.068g) solvent (30 mL), T (80˚C), H2 
pressure (10bar), and reaction time (5min). Legends: Conversion (yellow)-(X), yield to 
adipic acid (AA)-(green), epsilon-caprolactone (ECL)-(orange), 1,6-hexanediol (HDO)-
(blue), carbon mass balance (CMB)-(gray). 
 
The low carbon mass balance in Ru based catalysts was not because the C-C cleavage 
since the formation of AA was improved as increasing the reaction time and so forth the 





This is might due to the formation of intermediate (HAD) as showed in Scheme 5.1 
previously. The yield of AA increased to 84.5 % at 100 % conversion in 15 min. The yield 
increased further to 95.4 % after 1 h reaction time. Therefore, using 1% Ru/AC at                  
5-minute reaction time was insufficient to produce AA in high yield as compared to Pd 
catalysts. 
The impressive activity of 1% Pd/AC motivated the study to perform another reaction 
but at a room temperature. Figure 5.5, shows the result of hydrogenation of ccMA using 
1% Pd/AC at different temperatures. The reaction rate at 25 °C, was slow and complete 
conversion was achieved at 80 °C in 15 min compared to 5 h at 25 °C.  
 
 
Figure 0.5. Hydrogenation of muconic acid (MA) to adipic acid at different time. 
Reaction conditions: 1% Pd/AC (0.017g), MA (0.068g) solvent (30 mL), H2 pressure (10 
bar). Legends: Conversion (X)-(yellow), yield to adipic acid (AA)-(green), epsilon-
caprolactone (ECL)-(orange), 1,6-hexanediol (HDO)-(blue), carbon mass balance 
(CMB)-(gray). 











































Nevertheless, 1% Pd/AC proves to be the best catalyst amongst others to hydrogenate 
the double bonds (ccMA to AA). C=C hydrogenation is thermodynamically favoured 
compared to C=O by ca. 35 kJ/mol-1.12 Pd catalysts throughout the literature are also 
highly active and selective towards hydrogenation of ethylenic bonds.309,92 
 




5.3.2.1. Catalyst Screening  
 
 
Initial screening for the hydrogenation of ccMA to ECL and HDO involved a series of 
catalysts; 5% Pd/CNT, 5% Pt/CNT and Ru-Sn/CNT. Table 5.2, shows the results for the 
screening of those catalysts in the hydrogenation of ccMA carried out at 200 °C and 10 
bar hydrogen pressure for 1 h and 23 h. It should be noted here that, 5 % Ru/CNT was 
not tested due to its high C-C cracking which has been discussed in the literature.81 Also, 
the same problem was observed during the hydrogenation of succinic acid in the current 
study (Chapter 1).  
ccMA was successfully converted to AA using all catalysts apart from Ru-Sn/CNT. No 
other catalyst showed any formation of ECL after 1h reaction time (Table 17.5, entries 
1, 3, 5). However, 5 % Pt/CNT catalyst produced some ECL after 23 h reaction time but 
the yield was just 9.4 % (Table 5.2, entry 3). 5 % Pd/CNT failed to produce any yield of 
ECL even after 23 h reaction time. This low reactivity might be due to the lack of Pd 
dispersion on CNT as shown in Table 5.2.  
Ru-Sn catalyst displayed admirable selectivity to ECL (Table 5.2, entry 5) where close to 







Table 0-2. Selective hydrogenation of ccMA over different catalysts systems supported 
on CNT. Reaction conditions: T (200 °C); hydrogen pressure (10 bar); substrate (ccMA), 
0.05g; catalyst, 0.025g; solvent (H2O), 25 mL. AA (adipic acid), caprolactone (ECL), and 
1,6-hexanediol (HDO).  
 
5.3.2.2. Ru-Sn/CNT Catalyst 
 
 
The catalytic performance of Ru-Sn/CNT for ccMA hydrogenation was studied. The 
influence of temperature (150 °C, 200 °C, and 240 °C), pressure (2, 5, 10, and 70 bar), 
and reaction time were studied to tune the reaction to produce a high yield of either ECL 
or HDO.  
 
5.3.2.2.1. Effect of Temperature 
 
Figure 5.6, shows product (AA, ECL, and HDO) yields vs. reaction temperature at 10 bar 
H2 pressure. It should be noted that all ccMA was converted to AA during the heating-






Yield (%) Carbon mass 
Balance (%) AA  ECL HDO 
1 5%Pd/CNT 100 1 99.9 0 0 99.9 
2 5%Pd/CNT 100 23 98.6    0      0 98.6 
3 5%Pt/CNT 100 1 99.1 0  0 99.1 









5.6, 150 °C was not sufficient to reduce AA significantly to ECL since only a 7.5 % yield of 
ECL was observed after 23 h reaction time. 
Furthermore, a reaction at 240 °C delivered 53 % yield of ECL but the carbon mass 
balance was low perhaps due to chain scission (C-C cleavage), also observed in Chapter 
3. The reaction carried out at 200 °C provided the highest yield of ECL with a good carbon 
mass balance. Ru-Sn catalyst is preeminent by higher yield, therefore, the optimum 
conversion of ccMA to ECL and HDO through adipic acid was studied at 200 °C for further 




Figure 0.6. Effect of Temperature on hydrogenation of cis, cis-muconic acid (ccMA). 
Reaction conditions: catalyst 5% Ru-2% Sn/CNT (0.025 g), ccMA (0.05 g) solvent 
(25 mL), H2 pressure (10 bar), reaction time (23h). Legends: Conversion (X)-(yellow), 
yield to adipic acid (AA)-(green), epsilon-caprolactone (ECL)-(orange), 1,6-
hexanediol (HDO)-(blue), carbon mass balance (CMB)-(gray). 
 
















































5.3.2.2.2. Effect of Time  
 
 
The overall activity and product distribution of bimetallic Ru–Sn catalyst were compared 
with reaction time to determine the optimum time to achieve maximum ECL yield and 
the results are presented in Figure 5.7. ccMA was converted during the heating step as 
mentioned before with high selectivity to AA however, to obtain high yield of ECL, AA 
needs to be converted and sequential reduction to HDO should be suppressed, as well 
as C-C bond cleavage. Having selected water as a solvent, temperature (200 °C) and mild 
pressure (10 bar H2), the reaction required a long time to completely convert all AA, 
since at end of the reaction (23 h) there is still 11 % of AA remaining. Furthermore, the 




Figure 0.7. Time online reaction of ccMA hydrogenation with 2 % Sn-5 % Ru/CNT. 
Reaction conditions: catalyst (0.025 g), ccMA (0.05 g) solvent (25 mL), H2 pressure 
(10 bar). Legends: Conversion (X)-(black), yield to adipic acid (AA)-(green), epsilon-
caprolactone (ECL)-(orange), 1,6-hexanediol (HDO)-(blue), carbon mass balance 
(CMB)-(gray).  






































Therefore, based on these promising results with an excellent carbon mass balance 
value (94 %), we decided to perform other reactions with different H2 pressure values 
to determine the effect of H2 pressure on the final yield of HDO and ECL. 
 
5.3.2.2.3. Effect of Pressure   
 
 
Reactions were carried out over Ru-Sn/CNT at a constant temperature of 200 °C and 
different H2 pressures (2, 5, 10, and 70 bar) to determine the effect of H2 pressure on 
the product distribution (Figure 5.8). 
 













































Figure 0.8. Effect of pressure on hydrogenation of cis, cis-muconic acid (ccMA) to 
caprolactone. Reaction conditions: catalyst 5% Ru-2% Sn/CNT (0.025 g), ccMA 
(0.05 g) solvent (25 mL), Temperature (200 ˚C), reaction time (23h). Legends: 
Conversion (X)-(yellow), yield to adipic acid (AA)-(green), epsilon-caprolactone 





With increasing reaction pressure, the yield of AA decreased rapidly with the concurrent 
increase of ECL formation and then HDO. Enhancement in ECL yield was observed from 
5 % to 63 % with increases in hydrogen pressure from 2 to 10 bar. However, 21 % HDO 
was also produced at this hydrogen pressure whereas at 5 bar no HDO was observed.  
On the other hand, since the HDO was formed with a yield of (21 %) in just 10 bar of 
hydrogen using 5% Ru-2% Sn/CNT at 200 °C and 10 bar, the H2 pressure was increased 
to 70 bar which resulted in increased yield of HDO from 20.8 % to 88 % after 23 h, as 
shown in Figure 5.8. This result was expected, since from the performance of this exact 
catalyst in Chapter 4 where BDO and PDO were successfully produced in high yield from 




In this chapter, the direct catalytic hydrogenation of ccMA was efficiently achieved with 
many different catalysts and different product distributions were achieved. The high 
ccMA hydrogenation activity and AA selectivity makes 1% Pd supported on AC a better 
catalyst than Pd supported on CNT. It seems that the activity enhancement using CNT is 
not universal but reaction dependent. AA could be produced at almost 100 % yield under 
80 °C, and 10 bar H2 in 5-minutes. 
Bio-based ECL and HDO were synthesised from ccMA hydrogenation using bimetallic 
catalysts (Ru-Sn). At 200 °C and 10 bar hydrogen pressure, formation of ECL was 
achieved with 63 % yield whereas increasing the pressure to 70 bar was enough to 
transform the majority of ECL and remaining AA to HDO in an 88 % yield. It seems that 
2% Sn-5 %Ru/CNT is a universal for hydrogenation, since different carboxylic acids have 



































Hydrogenation of Acids using  






Chapter 6: Hydrogenation of Acids using High-Pressure Microwave 
Reactor 
 
6.1. Introduction  
 
Hydrogenation of succinic acid (SA) requires considerably long reaction times (generally 
days) due to the low activity of the carbonyl groups.313 In order to overcome this 
limitation, microwave irradiation has been used as an alternative energy source in 
chemical syntheses due to its ability to increase the reaction rates. 
The capability of some compounds such as water could be used to convert 
electromagnetic energy into heat.281 The electromagnetic waves produced by the 
equipment have both magnetic and electric field components, which prompt 
microwaves to offer fast heating compared to conventional heating reactors, thereby, 
reducing the overall time of reaction.88 Moreover, a number of authors have spotted 
the existence of ‘‘hot spots’’ in samples irradiated with microwaves, which are thought 
to be responsible for the high reactivity.281, 314 
The hot spots might be produced due to in-homogeneity of distribution of 
electromagnetic field. These in-homogeneities of temperature during the heating of 
microwave are generally due to the use of a monomode cavity. The temperature in the 
hot spots has been estimated to be about 100–200 °C higher than the bulk temperature, 
and their size was estimated to be 100 μm.281 Chemat et al.315 referred the reaction rate 
increases under microwave heating to the hot spots that were formed by selective 
heating on the catalyst particle.    
In Chapter 3, 5% Ru/CNT was shown as the most active catalyst in the hydrogenation of 
SA in a pressure autoclave reactor, although it required long reaction time, about 11 h, 
to fully convert the SA with a low selectivity to 1,4-butanediol (BDO), which was later 
overcome by the addition of Sn as showed in Chapter 4. The selectivity to BDO was 





Therefore, in this chapter, the use of microwaves in the hydrogenation of SA is 
discussed, and compared with the results obtained from reactions done under 
conventional heating (pressure autoclave reactor). Specifically, using 5% Ru/CNT with 
the aim of improving the rate of reaction and selectivity to BDO.  
The effect of using different supported metal catalysts i.e., Ru, Pd, Pt, and Re on different 
supports under microwave irradiation has also been investigated. Alternative supports, 
such as SiO2 and Al2O3 or metal like Re, were explore in which to be a comparable to the 
high activity of 5% Ru/CNT or at least could reduce C-C bond cleavage issue, therefore 
new catalysts were synthesised and tested in succinic acid hydrogenation.  
Different ratios of Ru-Sn/CNT were assessed in a microwave reactor as well to find if the 
highest yield of BDO would be achieved faster since 2% Sn-5% Ru/CNT gave ~80 % yield 
of BDO in 23 h in a conventional heating reactor. 
Levulinic acid (LA) is one of the most important biomass derived molecules and has 
attracted attention due to its huge potential as a platform chemical in synthesis of useful 
products.316 Gamma-Valerolactone (GVL) is an important example of a valued product 
derived from LA and has found useful applications in the synthesis of various fine 
chemicals and as a promising biofuel.317 Numerous reports have focused on the catalytic 
hydrogenation of LA using conventional heating media 318,319,320 however, Bermudez et 
al,321 recently have used MW irradiation for hydrogenation of LA at 150 °C and formic 
acid as a hydrogen-donor solvent. No microwave-induced study has been found using 
H2 as a source of hydrogen for the hydrogenation of LA. Thus, hydrogenation of LA to 
GVL was performed using a MW reactor due to the importance of this substrate as a 
potential "green fuel”.  
Most of the catalysts were characterized using N2 isotherms, XRD, TEM, CO-
chemisorption, and TPR to study their chemical and physical properties. The results 
generated, as well as the relationships between the performance and characteristics of 







Two different reactors, high pressure microwave reactor (MW) and conventional 
reactor, pressure autoclave (PA) have been used to perform the reactions in this 
chapter. The procedure is described in detail in Chapter 2. It is worth mentioning that all 
monometallic catalysts reported in this chapter have 5 wt. % metal, unless otherwise 
mentioned.  
 
6.3. Results and Discussion 
 
6.3.1. Catalysts Characterization Results  
 
X-ray diffraction (XRD), temperature programmed reduction (TPR), CO-chemisorption, 
and transmission electron microscopy (TEM) were used to analyse the size, dispersion, 
and reducibility of metals nanoparticles. The following section solely focuses on the 
characterisation of new catalysts, such as metals catalysts supported on Al2O3 and SiO2, 
since the characterization results of Ru catalysts supported on AC and CNT have been 
extensively discussed in Chapter 3. Additionally, Pd and Pt catalysts supported on AC, 
CNT, and Al2O3 are discussed here in detail.  
 
6.3.1.1. X-Rays Diffraction Analyses (XRD)  
 




All diffraction patterns of catalysts were obtained after reduction and before catalytic 
testing.  Figure 6.1 shows the XRD patterns of various Ru catalysts supported on 







Figure 0.1. XRD patterns of γ-Al2O3, activated carbon, carbon nanotubes, and 
reduced 5% metals catalysts. (*): The diffraction lines of γ-Al2O3. 
 
The diffraction peaks of γ-Al2O3 support as shown in Figure 5.1 are 32.0°, 36.8°, 45.7°, 
61.4° and 66.7° were indexed as (220), (331), (222), (400), (511), and (440) respectively, 
those diffraction peaks agree with the literature findings.322,323 Moreover, when 5% Ru 
was loaded on γ-Al2O3 the intensity of the Al2O3 peaks decreased, indicating that the Ru 
particles on this support are finely dispersed.226  
In addition, no diffraction peak was detected for Ru, suggesting that the Ru particles size 
is under the detection limit. Regarding the Ru/SiO2 catalyst, there were no observed 
diffraction peaks, probably indicating that the Ru particles were small (<4 nm)235 as 
previously observed in Ru supported on AC and CNT. This conclusion agrees with the 
TEM and TPR results shown below.  




































6.3.1.1.2. Pd and Pt Catalysts   
 
The powder XRD patterns of Pd and Pt catalysts supported on different supports are 
shown in Figure 6.2 which also includes XRD patterns of activated carbon, and carbon 
nanotube supports for comparison.  
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Figure 0.2. XRD patterns of activated carbon, carbon nanotubes, and reduced 
5 % metals catalysts. (*): The diffraction lines of graphite. 
 
The diffraction peaks of 25.7°, 42.9°, 54.8°, 59.8°, 68.1°, and 78.1° correspond to 
crystalline carbon planes (002), (100), (004), (103), (220), and (110) respectively of the 
graphitic structure223,324 (JCPDS 001-0640, 003-0401). The XRD pattern of Pd 
nanoparticles have three identifiable diffraction peaks at 39.9°, 46.5°, and 67.9° which 
correspond to the (111), (200), and (220) diffraction patterns assignable to a face-





The central peaks associated with Pd nanoparticles namely, 39.9° (111) and 46.5° (200) 
are less intense in samples Pd/CNT and Pd/Al2O3 indicating that the majority of Pd 
particles were finely dispersed on those samples.226 On the other hand, Pd/AC shows 
relatively broad diffraction peak which suggests the formation of large Pd particles in 
the catalyst as reported in the leterature.237 This finding aligns with results of TPR, as 
show later, where the Pd reduction peak of Pd/AC sample appeared at a higher 
temperature compared to CNT and Al2O3 supported Pd catalysts. This is another 
indication of the presence of large Pd particles.  
Figure 6.2 also showed the diffraction peaks at 2θ of 39.8°, 46.6° and 68.1° which are 
attributed to cubic metallic Pt (JCPDS 001-1190) and those diffraction patterns are 
consistent with the literature.325 Pt catalysts supported on CNT and Al2O3 showed 
diffraction peaks associated to Pt, whereas AC supported Pt exhibited less intense XRD 
peaks, indicating the Pt particles are highly dispersed on AC compared to CNT and Al2O3 
samples.226 The weak peaks (low intensity) of Pt indicates that Pt particles were finely 
dispersed on Pt/AC, which would be expected to improve activity, however, was not 
found to be consistent with the performance (activity) of this catalyst in the 
hydrogenation of SA compared to the performance of other Pt catalysts supported on 
CNT or Al2O3.  
 
6.3.1.2. Metal dispersion by CO-Chemisorption  
 
 
A CO chemisorption technique was used to estimate the metal dispersion on different 
supports. The results are displayed in Table 6.1. 5% Ru supported on Al2O3 gave highest 
metal dispersion while SiO2 supported Ru catalyst showed similar dispersion as in                     
5% Ru/CNT (Table 6.1, entries 1-4). However, the noticeably low reactivity of this 







Table 0-1. List of reduced catalysts, results of CO chemisorption and average particle size. 
Metal dispersion and average particle size were calculated from CO chemisorption and 
TEM results respectively. All catalysts have 5 wt. % of a metal. 
 
 
The Pd catalysts have lower dispersion than all other catalysts, whereas Pt and Ru 
catalysts showed the opposite trend. The dispersion of Pd particles follows the trend 
CNT> AC > Al2O3, (Table 6.1, entries 5-7) which mean that Pd/Al2O3 have more active 







size (TEM), nm 
1 Ru/AC 66.2 13.3 1.3±0.2 
2 Ru/CNT 40.0 8.0           1.4±0.4 
3 Ru/SiO2 39.5 8.0   3±0.9 
    4    Ru/Al2O3 76.2 15.4 -  
      5       Pd/AC 51.3 5.4 - 
6   Pd/CNT 19.6 2.1  2±0.7;  10±2.2 
7    Pd/Al2O3 74.2 7.8 - 
8  Pt/AC 64.9 13.9 -  
9   Pt/CNT 60.0 7.04  2±0.5 





This is supported with the results obtained from TPR and XRD data where Pd/Al2O3 
showed reduction peak at a lower temperature and low intensity diffraction pattern 
respectively which would be consistent with the formation of a smaller Pd particles.  
Table 6.1, entry 8-10, revealed that the dispersion of Pt particles on CNT (7.04 %) is lower 
than on AC (13.9 %) and on Al2O3 (12.8 %). However, this finding is not in an agreement 
with TPR data where it has been shown that the reduction peak of Pt/CNT was at a lower 
temperature compared to other Pt supported catalysts. TEM images, in Chapter 3, 
showed a good distribution of Pt on CNTs and the average Pt particle size was 2±0.5 nm.  
 
 
6.3.1.3. Particle Size Distributions by Transmission Electron Microscopy  
 
 
TEM images in Figure 6.3, showed that the average particle size of Ru on SiO2 is different 
from the one observed for CNT and AC, as shown in Figure 3.4 and 3.9 in (Chapter 3). 
The mean size of Ru particle supported on CNT (1.4 nm) is slightly larger than that of Ru 
on AC (1.3 nm), but significantly smaller than Ru supported on SiO2 (3 nm), which could 
be due to the different interactions between the metal and support.326 
TPR results suggested that the Ru particles size on SiO2 would be larger due to the 
presence of reduction peak at higher temperature. However, TEM images of Ru/SiO2 
including Ru/AC, Ru/CNT in the previous chapter does not show any aggregation into 









































6.3.1.4. Reducibility by Temperature Programmed Reduction (TPR) 
 
H2-TPR was used to study the reducibility and interactions between the metal and 
corresponding support. Figure 6.4 and Figure 6.5 show the H2-TPR profiles of 12 
catalysts, in which the reduction peaks of ruthenium, palladium, rhenium, and platinum 
species appear in the range of 50−350 °C. Two temperature ranges are noticeable in the 
TPR profiles: lower and higher than 350 °C. Below 350 °C, the decomposition of the 
precursor chlorides and reduction of the metal precursor from high oxidation state to 




    Figure 0.4. H2-TPR profiles for (Unreduced) five wt. % of Ru and Re catalysts supported on 
different supports. 
 




























A broad peak was observed approximately at around 440 °C (#3) on all AC and CNT 
supported samples which could correspond either to the reduction of carbon species or 
carbon-related functional groups,233 or as the consequence of a carbon methanation 
previously shown in literature to occur in the presence of supported metals.85,232,327  
For the Ru catalysts, the TPR peaks of Ru dispersed on various supports appears at 
different temperatures. Ru catalysts supported on SiO2 and Al2O3, show the same TPR 
profiles as those of Ru catalysts supported on AC and CNT; however, Ru catalysts 
supported on SiO2 were reduced at lower temperature compared to the other Ru 
catalysts including Ru/Al2O3, indicating a weaker interaction between Ru species and 
their respective support (SiO2).  
The XRD results for Ru/SiO2 does not show any diffraction peak related to Ru, this could 
be an indication of dispersion of small Ru particle on SiO2.  
Metallic elements have different reduction potential based on their physical and 
chemical properties. The reduction peak of Re appeared at a higher temperature when 
compared with results of the other metals. The reduction profile of Re catalysts 
supported on AC and CNT shows one sharp peak whereas another small peak was 
observed in Re/CNT. The peak at 280 °C was produced by the reduction of rhenium oxide 
as described in many reports.277,328 Hong et al.105 reported that the high-temperature 
peak of Re might indicate that there is a high interaction between Re salt and the 
support which might lead to the formation of large particles of Re. The latter study found 
that the average particle size of Re on AC was 4.9 nm.  
TPR profiles of Pd catalysts (Figure 6.5) exhibit one reduction peak, and it should be 
noted that in all cases, a signal of H2 consumption is linked to the complete reduction of 
Pd2+ to Pd0, whereas a different peak location can correspond to different size of Pd 
species.329 Lower temperature peaks could be attributed to a reduction of smaller Pd 
particles on the surface which could be linked to easily reducible species, while, the 






Figure 0.5. H2-TPR profiles for (Unreduced) five wt. % of different noble metals catalysts 
supported on different supports. 
 
 
A well-defined broad peak was found in AC supported Pd catalyst, and this peak shifted 
to a higher temperature (130 °C) compared to CNT (112 °C), and Al2O3 (81 °C) supported 
catalysts. This phenomenon is an indication of stronger interaction between PdCl2 and 
AC, than that observed with CNT and Al2O3 supports.  
Pt catalysts supported on AC and Al2O3 also showed one sharp peak at 157 °C and                   
248 °C, respectively. However, CNT supported Pt catalyst showed a peak at 140.5 °C.  
Those peaks could be attributed to the continuous multi-step reduction of a bulky 
portion of Ptn+ species.238,239  
 






























The Pt reduction peak is shifted to higher temperature in the Pt catalyst supported by 
AC compared to Ru/CNT, demonstrating that either; a strong interaction might have 
occurred between the Pt salt and AC or alternatively, relatively poor dispersion of Pt 
particles on AC has occurred compared to Pt catalyst supported on CNT.238  
However, the H2 reduction profiles for Al2O3-supported Pt catalysts are very different 
which agrees with the decrease in dispersion when using Al2O3 in Pt catalysts. The H2 
reduction peak was observed at higher temperature (248 °C) and this temperature is 
even higher than all Ru Pd, and Pt catalysts TPR profiles. This indicate, that the 
interaction between Pt precursor and Al2O3 is stronger than with other supports, e.g. AC 
or CNT. The XRD data where the diffraction peaks proposed that Pt/Al2O3 might have a 
larger Pt particles size when compared to other supported Pt catalysts. 
 
6.3.1.5. Pore Size, Pore Volume, and Surface Area by N2 Physisorption 
 
The standard method used in measuring the porosity of given catalyst is N2 physisorption 
(physical adsorption) where at low temperature, different features of porosity can be found 
from the isotherms.331 Reactant and products transport (catalytic process) could be affected 
significantly by the pore size/structure of a given catalyst.332 The highly active Ru catalysts 
in the current chapter (Ru/AC, Ru/CNT, and Ru/Al2O3) were investigated via N2 
physisorption and the N2 isotherms are shown in Figure 6.6. N2 adsorption isotherm for 
Ru/CNT appears to belong to the “Type IV” category, and “Type H1” hysteresis loop. This is 
for non-microporous materials as reported by Ribeiro et al.333 and Ru/Al2O3 showed an 



























Figure 0.6. Nitrogen physisorption isotherms of reduced Ru catalysts in the range of 
relative pressures of 0.05-0.99. 
 
On the other hand, Ru/AC showed “Type IV” isotherm and “Type H3” hysteresis loop based 
on the IUPAC classification of hysteresis loops indicating the existence of microspores in the 
catalyst.23,335  







































The total surface areas (SBET) of those three catalysts was calculated by application of the BET 
method to the isotherms of N2 adsorption at -196 °C and are given in Table 6.2. 
 




Amongst these catalysts, AC support Ru catalyst showed the highest surface area (636 m2/g) 
therefore the probability of formation of small metal particles would be high. This hypothesis 
was supported by the results obtained via TEM images as shown in Chapter 3 since the latter 
showed a narrower Ru particle size distribution on the surface of AC and an average size of 
the particle was 1.3 nm which was smaller than CNT sample.  
On the other hand, the total surface areas found for Ru/CNT and Ru/Al2O3, were 317 m2/g 
and 236 m2/g respectively which are lower than Ru/AC. Liu et al.336 reported that the surface 
areas cannot always be used as a determination for the activity of a given catalyst. Another 
study by García-García and co-workers337 addressed that the effect of metal particle size on 
activity. However, Auer et al.22 reported that the catalytic activity increased when using a 
highly porous material. Materials that offer easy access of the reactants to the catalytically 
active sites lead to higher activity. Based on those concepts, therefore, it is worthy to 
investigate the pore size of the most active Ru catalysts in this Chapter. The total pore volume 
and average pore diameter for different Ru catalysts supported on AC, CNT, and Al2O3 are 
given in Figure 6.7. 
The results show that Ru/CNT has the higher total pore volume of 1.229 cm3/g and 
average pore diameter of 17.36 nm in comparison to AC (0.785 cm3/g, 4.94 nm) and 
Al2O3 (0.48 cm3/g, 8.23 nm) respectively.  
Catalysts  Ru/AC Ru/CNT Ru/Al2O3 






Figure 0.7. Total pore volume and average pore diameter for different reduced Ru 








Hydrogenation of succinic acid using a microwave reactor was studied under several 
reactions parameters, i.e., reaction temperature, different metals and supports. 
However, it is important first to show the effect of the microwave on succinic acid 
hydrogenation. We examined the effect of microwave on succinic acid hydrogenation 
using of Ru/CNT. Figure 6.8, shows a comparison between the results obtained from two 










  Total pore  volume



















































Figure 0.8. Effect of MW in hydrogenation of succinic acid using 5% Ru/CNT. Reaction 
conditions: T: 150 °C, P: 50 bar; reaction time: 2h. Note, conventional reactor: SA: 100 mg; 
catalyst: 50g; solvent (H2O): 25 mL; microwave reactor: SA: 25 mg; catalyst: 12 mg; 
solvent (H2O); PA, pressure reactor (conventional heating), MW. Microwave reactor. 
 
 
The results displayed a large increase in the rate of the reaction using a microwave. The 
conversion using microwave was ~75 % whereas conventional heating reactor (pressure 
autoclave) converted 50 % of succinic acid. The reason behind this high activity using a 
microwave is the present of hotspots, certain areas in the reaction mixture with a higher 
temperature and energy, which led to an improvement of the conversion as has been 
claimed by number of authors.314, 281 For the first time, the effect of microwave is shown 
for the hydrogenation of SA and it appeared to significantly increase the rate of the 


















































6.3.2.1. Effect of Temperature at Hydrogenation of Succinic Acid using MW 
 
 Activity  
   
It has been discussed in Chapter 3, while using conventional heating reactor (pressure 
autoclave) that, one of the most promising ways to increase the catalytic activity of Ru 
catalyst is raising the temperature. However, this step resulted in a massive reduction 
in the carbon mass balance due to C-C bond cleavage. Therefore, the effect of different 
reaction temperatures on the hydrogenation of succinic acid in the MW reactor was 
studied, to improve the mass balance, which will have a positive impact on the 
formation of BDO. Figure 6.9 shows the influence of the reaction temperatures (130, 
150, and 170 °C) on the hydrogenation of SA over the Ru/CNT at 50 bar H2 pressure. 
 




























































Figure 0.9. Comparison of the activity of Ru catalysts with respect to temperature in 
hydrogenation of succinic acid in MW. Reaction conditions: P: 50 bar; reaction time: 1 h; 





We have chosen Ru/CNT because it showed high catalytic activity and less formation of 
C-C cleavage products as discussed in Chapter 3. The catalytic activity, as 
expected, increases with increasing temperature from 130 °C to 170 °C. The conversion 





Regarding the selectivity, the same problem (C-C bond cleavage) was observed using the 
MW reactor. The formation of the C-C cleavage products increased with increasing 
reaction temperature to 170 °C. 150 °C reaction temperature showed to be a reasonable 
result, but still poor selectivity to BDO. Table 6.3 shows the influence of increasing 
temperatures (150 °C vs. 170 °C) on the selectivity using microwave reactor at iso-
conversion. The result shows, no improvement in preventing the C-C cleavage products 
was achieved in MW reactor. The carbon mass balance and the selectivity to GBL 
decreased as the temperature of the reaction increased, prompting the formation of                
C-C cleavage products (decarboxylation of SA).  
 
Table 0-3 Reaction conditions SA: 25 mg; catalyst (5% Ru/CNT): 12 mg; solvent (H2O): 6 
mL. T: 150 °C; P: 50 bar. Legend: PA, propionic acid; BDO, 1,4-butanediol; BA, butyric acid; 
C3OH, propanol; GBL, γ-Butyrolactone; THF, tetrahydrofuran; C4OH, Butanol; CMB, carbon 
mass balance; X, conversion; T, temperature; P, pressure; MW: microwave. 
 
 






X, % PA  BDO BA C3OH GBL THF C4OH CMB 
Ru/CNT 
150 2 74.6 12  5.8 10 4.7 35 0 6.8  80.9 





Based on these preliminary experiments, the reaction temperature was selected to be 
150 °C in the microwave reactor as previously when using a conventional reactor. This 
decision was made because C-C cleavage was higher at 170 °C. Accordingly (as 
mentioned earlier in this chapter), a new catalyst was developed using different metals 
than Ru to determine if better selectivity towards BDO or better activity than Ru/CNT 
could be achieved.  
 
 
6.3.2.2. Effect of Noble Metals on Hydrogenation of Succinic Acid in MW 
 Activity  
 
Metals such as Ru, Pd, and Pt supported on AC were compared to Re/AC to determine 
if Re catalyst would be competitive regarding activity or selectivity. These catalysts were 
screened at 150 °C and 50 bar, as decided from the preliminary tests in the current 
chapter. The results for using several catalysts supported on AC to hydrogenation of 
succinic acid are presented in Figure 6.10. The results exhibited that Ru catalyst was still 
the most active catalyst in a microwave reactor. Pd, Pt, and even Re were not able to 
effectively convert SA. Pt and Re displayed approximately 6 % SA conversion after 1h 
reaction time, while the Pd and Ru catalysts converted <1 % and  17.6 %, respectively 
after the same reaction time. 
By comparing the results from the microwave reactor vs. conventional reactor, the 
reaction time was reduced using MW. The same conversion has achieved at less 
reaction time using the MW reactor. Table 6.4 shows that using microwave heating the 




















































5% of metal supported on AC
 
Figure 6.10. Comparison of the activity with respect to noble metals supported 
on AC in hydrogenation of succinic acid. Reaction conditions: T: 150 °C; P: 50 





To evaluate these catalysts regarding selectivity, Table 6.4 shows the product 
distribution at iso-conversion for different noble metal catalysts supported on AC using 
both reactors. The results displayed that there is no much difference in performing the 
reaction in the microwave reactor since the products distribution and carbon mass 







Table 0-4 Reaction conditions (conventional reactor): SA: 100 mg; catalyst: 50g; solvent (H2O): 
25 mL; (microwave reactor): SA: 25 mg; catalyst: 12 mg; solvent (H2O): 6 mL. T: 150 °C; P: 50 
bar. Legend: PA, propionic acid; BDO, 1,4-butanediol; BA, butyric acid; C3OH, propanol; GBL, 
γ-butyrolactone; THF, tetrahydrofuran; C4OH, butanol; CMB, carbon mass balance; X, 
conversion; T, temperature; P, pressure; PAR: pressure autoclave conventional reactor; MW: 








The primary purpose of a catalyst’s support is to facilitate the effective dispersion of the 
active phase,338 to decrease the amount of metal used and offer the surface for the 
reaction. The performance of a catalyst can be greatly influenced by the support.339  




PA  BDO BA C3OH GBL THF C4OH CMB 
  
Ru/AC 
PAR 5 49.5 14.4 7.8 5 4.4 31.8 0 2.5 83.2 
MW 3 43.4 17.3 7.8 1.3 6.5 23.2 0 2.3 82.0 
  
Pd/AC 
PAR 23 5.6 0 0 0 0 0 0 0 94.4 
MW 3 7.5 0 0 0 0 50 0 0 96.3 
  Pt/AC 
PAR 5 5.5 0 0 0 0 6.7 0 0 94.5 
MW 3 5.9 0 0 3 0 17.1 0 0 95.3 
  
Re/AC 
PAR 5 5.2 0 0 17.1 0 0 0 0 95.7 
MW 1 6.1 2.4 0 0 0 0 0 0 95.3 





The metal dispersion and morphology might depend on the type of support.340 In this 
section, the goal is to determine the best support for Ru catalyst, where high catalytic 
activity or low C-C bond cleavage activity would be obtained. Figure 6.11 shows the 
effect of using different supports for Ru catalyst in the hydrogenation of SA in the 












Figure 0.10. Comparison of the activity of Ru catalysts with respect of supports in 
hydrogenation of succinic acid. Reaction conditions: T: 150 °C; P: 50 bar; reaction 
time: 3h; succinic acid: 25 mg; catalyst: 12 mg; solvent: 6 mL H2O. 
 
 
Throughout Chapters 3 and 4, CNT was a better support for all noble metal-based 
catalysts (Pd, Ru, and Pt) and bimetallic catalyst in the conventional heating reactor. 
Ru/CNT proved to be the most active catalyst as well in the microwave reactor compared 
to other supported Ru catalysts. The conversion of SA increased using Ru/CNT to (86 %) 
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In catalysis, more exposure of the active surface would be provided by small metal 
nanoparticle which increases the availability to guest molecules. It can be seen from the 
TEM images (Figure 3.4) in Chapter 3 that fine metallic Ru particles are distributed on 
the surface of the CNT with small particles size (1.4 nm), which could contribute to the 
excellent catalytic activity of Ru/CNT. Whereas, the presence of larger particles of Ru in 
Ru/SiO2 (3 nm) decreases the activity of the catalyst.  
Ru/CNT showed better activity than Ru/Al2O3. This result was surprising because the CO 
chemisorption results showed that, Ru/Al2O3 has more active sites than Ru/CNT. The Ru 
dispersion was 15.8 % on Ru/Al2O3 and 8 % on Ru/CNT however, Ru/Al2O3 might have 
larger Ru particle size than in Ru/CNT.  
The confirmation cannot be made whether the particles are large or small because of 
the absent TEM results for Ru/Al2O3. However, TPR data showed that the reduction peak 
presented at the higher temperature compared to Ru/CNT which might be a 
confirmation of the formation of larger Ru particles size in Ru/Al2O3, which caused the 
low catalytic reactivity.  
CO-chemisorption displayed that Ru/AC has more active sites and Ru dispersion of the 
later catalyst was two-fold higher compared to Ru/CNT. TEM results showed that the Ru 
average particle size was smaller on Ru/AC compared to CNT. Based on these results, 
Ru/AC should be more active, but it is not. The higher activity of CNT based catalyst may 
depend on something else, and it could be pore size differences. 
Previously, N2-physisorption results (Figure 6.7) showed that Ru/CNT has the highest pore 
size 15.7 nm compared to 8.23 nm and 4.94 nm for Ru/Al2O3 and Ru/AC respectively. This 
could be the reason for the high activity of Ru/CNT since the molecules easily desorb and 
diffuse into the bulk solution to and from the Ru particles. The same observation has 
been addressed by Jiang et al.341 where they claim that, Ru catalyst with much better 
porosity has better activity in benzoic acid hydrogenation. The microporosity of AC 





So far 2 possible explanations have been proposed for such activity; an enhancement of 
the porosity and particle size effects, however, the excellent electronic properties of 
CNTs could also play a significant role in the activity of the catalyst. The moving signals 
electron on the wall of CNTs and the semi-conductive features mean CNTs have a high 
ability to lose an electron.342  
Jahjah et al.343 and Pan et al.326 found high catalytic activity of Ru catalyst supported on 
CNT compared to other supports (Al2O3 and SiO2) in a hydrogenation of several 
unsaturated substrates and glucose hydrogenation to sorbitol respectively. Pan et al,326 
determined the high activity of Ru/CNTs to be due to a strong metal support interaction 
and a better particle size distribution.326 However, the latter study also suggested that 
the ruthenium particles supported on CNT are electron-enriched nanoparticles.   
Indeed, XPS results in Chapter 3 showed a shift in Ru binding energies which might 
induce a change in electron transfer on Ru nanoparticles and their interaction with 
carbon surface and this electron transfer might confer superior activity to Ru/CNT. Thus, 
CNTs has a positive effect when using as a support, Wang et al.342 reported that CNTs 
are served not only support for the catalyst but also electronic catalyst-accelerator.  
Regarding Pd and Pt catalysts supported on AC, CNT, and Al2O3, the results also showed 
that when those catalysts were supported on CNT, they were more active than Pt/Pd 
catalysts supported on other supports. The reason would be the same as suggested for 





















      Figure 0.11. Comparison of the activity with respect of support for Pd catalysts in 
hydrogenation of succinic acid in MW. Reaction conditions: T: 150 °C; P: 50 bar; 

















Figure 0.12. Comparison of the activity with respect of support for Pt catalysts in 
hydrogenation of succinic acid in MW. Reaction conditions: T: 150 °C; P: 50 bar; 















































































































The higher activity of Ru, Pd, and Pd supported on CNT for the hydrogenation of succinic 
acid might be due to the promoting effect of the electron transfer between the metal 
and CNT. Therefore, all results suggest that CNT is a more suitable support for aqueous 




Regarding the selectivity, Ru/CNT and Ru/Al2O3 results where compared because of the 
high activity of those catalysts in the hydrogenation of succinic acid using microwave 
reactor. They have been compared at iso-conversion to investigate if different product 
distributions might occur. The results in Table 6.5 showed that the selectivity did not 
change significantly.  
 
Table 0-5 Reaction conditions: SA: 25 mg; catalyst: 12 mg; solvent (H2O): 6 mL, T: 150 °C; 
P: 50 bar. Legend: PA, propionic acid; BDO, 1,4-butanediol; BA, butyric acid; C3OH, 
propanol; GBL, γ-Butyrolactone; THF, tetrahydrofuran; C4OH, Butanol; CMB, carbon mass 
balance; X, conversion; T, temperature; P, pressure; MW: microwave Cat: catalysts; 
R:reactors. 
 
For Ru catalysts, GBL, and propionic acid were the main products. However, the 
formation of propionic acid decreased, and the formation of GBL increased using CNT. 
Ru/CNT seems to be more efficient to drive the hydrogenation of SA to BDO throughout 
GBL as the C-C bond cleavage product (propionic acid) is less evident in Ru/CNT 






PA  BDO BA C3OH GBL THF C4OH CMB 
 Ru/CNT MW 0.5 28.9 12.7 2.3 12.5 3.1 41.3 0 6 93.7 





6.3.2.4. Succinic Acid Products Distribution from Both Reactors using 
Ru/CNT  
 
Ru/CNT was the most active catalyst for the hydrogenation of succinic acid and in MW, 
the rate of reaction increased compared to a conventional reactor (pressure autoclave). 
Regarding the selectivity, Ru/CNT showed better selectivity to alcohol products in 
Chapter 3 compared to other catalytic systems. The selectivity of Ru/CNT catalysts in the 
MW reactor was tested as well. Comparison at >50 % conversion was not found from 
both reactors due to the fast reaction in the MW thus the product distribution was 




















































Figure 0.13. Comparison of the selectivity of Ru catalysts with respect of reactors 
in hydrogenation of succinic acid using 5%Ru/CNT. Reaction conditions: T: 150 





In MW reactor results, lower selectivity towards GBL and BDO was evident with 
increased production of propionic acid, propanol, butyric acid, and butanol compared 
to the conventional reactor. The selectivity to propionic acid increased from 12.9 % to              
19.4 % with a concurrent decrease in selectivity to GBL from 47.6 % to 31.8 %. This 
indicates that the use of microwave reactor with any catalytic system, simultaneously 
increased unwanted hydrogenolysis products and decreased the carbon mass balance 
in which the decrease of GBL selectivity will lead to the lower BDO yield.  
 
It must be mentioned here that using a microwave reactor increased the rate of the 
reaction tremendously compared to the conventional heating reactor (batch reactor). 
However, the C-C cleavage issue remains the same.  
 
 
6.3.2.5. Effect of Ru-Sn Catalyst in Hydrogenation of Succinic Acid using MW  
 
 
Due to the promising results that obtained in Chapter 4, after introducing tin to Ru/CNT, 
a series of Ru-Sn catalysts with different tin loading were tested again using MW 
reactor. As shown in Figure 6.15, the conversion of succinic acid decreased significantly 
from 100 % to 67.8 % and 24.5 % by increasing the Sn loading of the catalyst. Also, the 
carbon mass balance was greatly improved with increasing Sn loading, indicating that 
the formation of C-C cleavage products reduced.  
Comparing the selectivity would be more valuable if we could do it at iso-conversion 
however, due to the speed of the reaction in a microwave reactor we could not. 
Nevertheless, 2 % Sn-based Ru catalysts showed the highest selectivity to GBL/BDO 
whereas Ru/CNT catalyst showed 0 % selectivity to GBL/BDO. 2% Sn-5% Ru/CNT showed 
high selectivity to GBL without much of C-C cleavage products, the possibility of 
producing BDO indeed would be high. However, the carbon mass balance is low in all 





Therefore, at the end of the reaction, the yield of BDO may not be as high as being 
detected in Chapter 4 (~80 %), using the conventional heating reactor (Parr reactor). 
 
 
Figure 0.14. Comparison of the activity and selectivity with respect of Sn wt. in 
hydrogenation of succinic acid in MW. All catalysts have 5 wt. % of Ru.                          
Reaction conditions: T: 170 °C; P: 50 bar; Time: 4h; succinic acid: 25 mg; catalyst: 12 mg; 
solvent: 6 mL H2O. 
 
In the microwave reactor, the reaction conditions were 170 °C and 50 bar whereas in 
the Parr reactor we used 200 °C and 70 bar. The lower hydrogen availability could also 
be one of the reasons for the low carbon mass balance since C-C bond cleavage activity 
decreased when the hydrogen pressure increased as shown in Chapter 3 (Section 
3.3.2.3).  















































Another reason might be the differences in the operation of the two reactors such as 
the pressurizing step. In MW, the only way to pressurize the reactor first (at room 
temperature) and then start to heating which affects the final pressure. However, in the 
conventional heating reactor (Parr reactor), the hydrogen pressure was introduced after 
reaching the desired temperature.  
Also, the cool down procedure was different between the two reactors. The microwave 
reactor includes a cool down unit which cools the reactor at the end of the reaction 
whereas a bowl of iced water was used to cool down the reaction in Parr reactor.  
It should be noted that the results of using 5% Sn-5% Ru/CNT are promising too since              
C-C bond cleavage products might not appear at all and the selectivity to GBL should be 
high until the end of the reaction. Therefore, increasing the reaction time would be a 
solution to produce BDO latter from further hydrogenation of GBL using 5% Sn-5% 
Ru/CNT. However, the higher Sn loading (5 %) might also hinder the further 
hydrogenation of GBL to BDO as it has been shown in Chapter 4 using Parr reactor.  
Once again 2% Sn-5% Ru/CNT proved to be the best catalyst to synthesise BDO, 
















6.3.2.6. Catalytic Hydrogenation of Levulinic Acid  
 
To further validate the versatility of using the microwave reactor, a selective 
hydrogenation of levulinic acid was investigated. Figure 6.16 summarises the catalytic 
hydrogenation results under 170 °C, 50 bar using three different monometallic catalysts 
supported on CNT. The highest activity was observed using Ru/CNT, as expected, where 
full conversion was reached within 1 minute of the reaction time, whereas by using Pt 





Figure 0.15. Comparison of the activity with respect of noble metals supported 
on CNT in hydrogenation of levulinic acid. Reaction conditions: T:170 °C; P: 50 
















































A MW reactor was employed for several different catalysts to hydrogenate succinic acid 
and levulinic acid, giving promising results. The hydrogenation of succinic acid was 
performed over activated carbon, silica, alumina, and carbon nanotube supported Ru 
Pd, Pt, and Re catalysts in a microwave reactor. 
Catalysts supported on carbon nanotubes gave high conversion compared to using other 
supports however, Ru/CNT provided full conversion at 150 °C and 50 bar hydrogen 
pressure in a very short reaction time <3.5 h, in comparison with any other catalyst in 
the microwave or conventional reactor (pressure autoclave). The same level of 
conversion was achieved in the half of reaction time, compared to the conventional 
reactor. 
The reaction rate increased enormously at the same reaction temperature using a 
microwave compared to conventional reactor which might attributed to the presence 
of hotspots in the used catalyst. The high performance of Ru supported on CNTs may be 
explained by a combination of the superior porosity of CNTs and the electronic 
promotion.  
There is no benefit to using a microwave in the hydrogenation of succinic acid regarding 
the decreasing the C-C cleavage. The product distribution was the same as observed 
using a conventional reactor; with no improvement in stopping the C-C bond cleavage 
activity.  
2% Sn-5% Ru/CNT was also tested which was the best catalyst amongst the series of Ru-
Sn/CNT towards the hydrogenation of succinic to BDO as shown in Chapter 4. However, 
the low yield of desired products, i.e., GBL/BDO using the microwave reactor compared 
to the conventional heating reactor (Parr reactor) might be because of the different 
reaction conditions along with different operation sequences such as the pressurising 





1 min reaction time at 170 °C and 50 bar H2 pressure using 5% Ru/CNT in MW reactor 
was sufficient for the hydrogenation of levulinic acid to gamma-valerolactone. Further 
investigation is needed to show the advantages and exquisiteness of using an efficient, 
fast, safe, and easily-operated reactor especially for levulinic acid.  
These results open a promising path for the enlargement of new MW catalytic reaction 
technologies to transform biomass components greenly and economically, which saves 
much more than time. The combination of microwave as a reactor and Ru supported on 
carbon nanotubes (excellent catalyst) has the potential to be an excellent option for the 























   CHAPTER 7 






















Hydrogenation of succinic acid is not an easy reaction to accomplish because of that 
most of the work in the literature had done at high reaction conditions and using an 
organic solvent instead of a green solvent such as a water. For that reason, the main 
objective of this study was to develop catalytic systems to improve reaction rates for the 
hydrogenation of succinic acid in water at mild reaction condition but also to find 
promoters to affect the catalyst activity so that selectivity to 1,4-butanediol can be 
achieved. 
We focused on the hydrogenation of biomass-derived C4-C6 acids, performing all the 
catalytic reactions in an aqueous phase to meet the criteria of green chemistry. Initially, 
the results described in the current thesis contribute to a better understanding of the 
various factors persuading altering the catalyst performance in the hydrogenation of 
succinic acid. We investigated several factors that could influence the activity and 
selectivity, i.e., reaction temperatures, pressures, supports, type of metallic catalyst 
(mono-/bimetallic), different noble metals, the wt. % of the metal, metallic dispersion, 
the catalyst porosity, type of reactors (conventional, microwave).  
 
Regarding the activity (conversion), the hydrogenation of succinic acid proceeded faster 
using Ru catalyst supported on CNT compared to AC in pressure autoclave (conventional 
heating reactor). 5% Ru/CNT efficiently converted 95.4 % succinic acid in 11 hours at 150 
°C and 50 bar H2 pressure.  
It should be noted that when we tested the analogous catalysts supported on carbon 
nanotubes, we observed an increase in conversion for all three metals (Pd, Pt, Re) as 
compared to the use of activated carbon or Al2O3. This remarkable result emphasises 







Apart from the superior porosity of CNTs, the XPS results enable us to suggest that this 
enhanced performance of all noble metals supported on CNTs can be explained by the 
electronic promotion of carbon nanotubes. 
We observed that as reaction temperature was raised the conversion of succinic acid 
increased. The rate of the reaction increased dramatically at 240 °C, however, we could 
not achieve high selectivity for a single product due to the C-C bond cleavage. On the 
other hand, increasing hydrogen pressure up to 50 bar has a positive impact on the 
reaction rate and selectivity for alcohol products. The optimal operating temperature 
and pressure were 150 °C, and 50 bar respectively; the catalysts function poorly below 
these parameters whereas increasing the reaction temperature reduces selectivity to 
the desired product.  
 
We examined the effect of washing the carbon nanotube with water during the 
hydrogenation of succinic acid. Ru/unwashed-CNT showed a lower Ru dispersion and 
therefore lower catalytic activity. The washing step led to produce more active Ru based 
catalyst for the hydrogenation of succinic acid. 
 
 
We prepared Ru/CNT and all other catalysts by an incipient wetness impregnation 
method. TEM results of Ru/CNT showed that the Ru particles are located inside and 
outside of the CNTs. One of the Ru catalysts was prepared to confine the Ru particles 
inside the CNT, Ru(IN)CNT, following a literature procedure. Ru(IN)CNT showed less 
catalytic activity compared to Ru/CNT. This result was expected since the dispersion of 
Ru/CNT is 2-fold higher compared to Ru(IN)/CNT. At the same level of conversion, no 
significant influence on the products distribution was observed for the two catalysts 
Ru(IN)/CNT and Ru/unwashed-CNT compared to Ru/CNT (washed CNT, Ru located 








The high dispersion and availability of the metal play a significant role to enhance the 
activity. Therefore, Ru/CNT activity increased as the loading of Ru on CNTs was increased 
10 % Ru/CNT exhibited the highest active catalyst compared to 1, 3, 5, and 7 wt. %. 5% 
Ru /CNT nevertheless showed better selectivity towards alcohol products.  
 
The hydrogenation of succinic acid was performed again in a microwave using Ru, Pd, 
Pt, and Re catalysts over other supports (silica, alumina) in addition to AC and CNTs. The 
rate of the reaction increased tremendously using the microwave reactor since the same 
level of conversion was achieved in half of the reaction time, compared to the 
conventional reactor, possibly due to the existence of ‘‘hot spots’’ in samples. The 
activation energy decreased using microwave reactor from 111 kJ mol−1 (conventional 
reactor) to 59.8 kJ mol−1. The hydrogenation of SA is much easier in a microwave reactor 
than in a conventional reactor because of the lower activation energy. 
 
Amongst all catalytic systems in the microwave chapter (Chapter 6), Ru based catalysts 
again showed better activity compared to the other noble metals Pt, Pd, and Re. We 
found the overall reactivity order to be Ru>>Pt>Pd, no matter which support was used. 
We showed the effect of using different support for Ru catalysts in the hydrogenation 
of succinic acid. CNT proved to be the best support for all noble metal including Ru 
catalysts. In the microwave chapter, the conversion of succinic acid increased using 
Ru/CNT to 86 % from 43 % with Ru/AC, 74 % with Ru/Al2O3 and 16 % with Ru/SiO2. 
 
The pore size of the catalyst has a huge influence on the catalytic activity. 5% Ru/CNT 
has a higher pore size than other catalysts which might be the reason for the high 
activity. N2-physisorption results showed higher pore size of Ru/CNT (15.7 nm) in 
comparison to Ru/Al2O3 (8.23 nm) and Ru/AC (4.94 nm) which could contribute to the 
significant increase in activity between these catalysts.  
 
Regarding the selectivity, Ru/CNT showed low selectivity for BDO in a conventional 
reactor due to its high C-C cracking ability as mentioned in the literature. Ru/CNT gives 





In the MW results, the C-C bond cleavage problem remained the same although the yield 
drops to 18.2 %. The use of a MW reactor simultaneously increased unwanted 
hydrogenolysis products and decreased the carbon mass balance. Increasing the yield 
for BDO is more desirable, and this issue has been tackled using tin a promoter in this 
thesis.  
We developed Ru-Sn catalysts to attain high selectivity to the hydrogenation of carbonyl 
group and reduce C-C cleavage. Initially, 150 °C, 50 bar as reaction conditions were not 
sufficient for the hydrogenation of succinic acid. Therefore, we had to increase them to 
200 °C and 70 bar.  
 
The catalytic behavior of monometallic ruthenium catalysts supported on carbon 
nanotubes and active carbon changed after incorporation of tin. Based on the loading 
of Sn and Ru catalysts supported on the carbon nanotube, the catalytic activity 
decreased remarkably since the full conversion of succinic acid using 1% Sn-5% Ru/CNT 
required 8 h reaction time. Within an hour ~100 % conversion was achieved using 5% 
Ru/CNT and only 4 % selectivity for BDO was accomplished due to the high cracking 
ability of Ru catalyst. After introducing 1% Sn, the selectivity increased up to ~45 % (23 
h reaction time). The selectivity for BDO increased as increasing the Sn wt. % (1 %, 1.5 
%, and 2 %) and then decreased again using 2.5% and 5% Sn. 2% Sn-5%Ru/CNT was 
optimum to accomplish ~80 % selectivity for BDO whereas 5% Sn-5% Ru/CNT was 
selective to GBL. The selectivity to BDO could be accomplished using the 5% Sn-5% 
Ru/CNT. However, it might need longer reaction time.  
 
We hypothesised that Ru-Sn alloy started forming on CNT where the Sn loading was <2. 
However, at low Sn loadings there are still Ru free particles which are active to C-C bond 
cleavage. Our results suggested that the Ru-Sn samples where the Sn loading is ≥2 the 
formation of Ru-Sn alloy is complete, and no Ru is free.  
 
Alloyed particles are more selective for BDO, i.e. they are active for carbonyl reduction 





5% Sn-5% Ru/CNT showed low selectivity for BDO not because of C-C cleavage, but 
because GBL was not hydrogenated further to BDO. This is perhaps due to the excess of 
Sn, which blocks the active sites and suppresses the catalytic activity, which affects the 
conversion to BDO. Thus, the optimal loading of Sn in Ru/CNT to maximize the selectivity 
for BDO is very significant.  
 
Due to the high surface area of activated carbon, we prepared 2% Sn-5% Rn catalysts 
supported on AC hoping that the reaction rate would increase. However, 2% Sn-5% 
Rn/CNT showed better activity and selectivity for the hydrogenation of succinic acid to 
BDO compared to 2% Sn-5% Rn/AC. The BDO selectivity decreased from 84 % to 50 % 
using 2% Sn-5% Rn/ AC.  
 
This unique selectivity to diols using 2% Sn-5% Rn/CNT might be due to the successful 
formation of a new type of active site, most likely Ru-Sn alloy on CNT. Further 
investigations are however needed using other techniques which are currently 
underway to elucidate the exact role of tin in the bimetallic catalysts. 
 
2% Sn-5% Ru/CNT proved to be a promising catalyst for the hydrogenation of other 
biomass-derived acids (levulinic acid, and cis,cis-muconic acid) besides succinic acid to 
their lactones and diols. We have achieved 83 %, 55 %, and 88 % yield for 1,4-butanediol, 
1,4-pentanediol, and 1,6-hexanediol from hydrogenation of succinic acid, levulinic acid, 










7.2. Future Work 
 
 
Despite the strong evidence collected in this thesis, further characterization is needed 
to elucidate the precise structure and composition of the Ru-Sn alloys on CNT, which 
would be simultaneously beneficial to explain the precise role of tin in bimetallic 
ruthenium catalysts. 
 
All the bimetallic catalysts in this current study were prepared by simple incipient 
wetness impregnation method, which is limited to control the structural parameters. 
Hence, other preparation methods should be applied for trying to make the catalyst 
more active. 
 
Finding another type of carbon for Ru catalyst, which has high surface area and high 
pore size to be competitive with CNT, is highly attractive since the latter’s pore size was 
one of the important features in the performance of the catalyst in hydrogenation of 
acids. 
 
Doping of CNTs with some elements such as F and N has been investigated in the 
literature.344 The electronic properties of the catalytic support could be enhanced by 
doping an electron-rich atom.345 Nitrogen is the most common dopant used to modify 
the performance of CNT.19 Nitrogen doping of the CNT support enhances the catalytic 
activity of Ru catalyst in the ammonia decomposition reaction by electronically 
modifying the ruthenium active sites. It has been observed as well during the 
cinnamaldehyde hydrogenation by enhancing Pd catalyst.346 In this context, we could 
hydrogenate the succinic acid using the best catalysts (5% Ru/CNT) or (2% Sn-5% 
Ru/CNT) from this study, only after doping one of those elements with CNT to further 
enhance the activity of the catalyst, since there is no literature background.All the 
bimetallic catalysts in this current study were prepared by simple incipient wetness 
impregnation method, which is limited to control the structural parameters. Hence, 
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Figure 0.9. Typical HPLC chromatogram for cis,cis-muconic acid hydrogenation 













                                                 



















                                 






































                      







                                                                                 
 
Figure 0.14. Typical HPLC chromatogram for levulinic acid hydrogenation 
 



































































Figure 0.18.Profiles of the temperature programmed desorption of NH3 for 







Figure 0.19. Profiles of the temperature programmed desorption of CO2 for different 
Ru based catalysts. Control experiment in CO2 desorption was carried out completely 




Only peaks below 400 °C were considered due to the fact that catalysts were treated 
only at this temperature and at higher temperatures, other gaseous products apart 
from carbon dioxide or ammonia as described in the experimental section. Moreover, 
the intense peaks in CO2 TPD between 250-420 °C for catalysts were excluded as the 

















































Figure 0.20. Time online reaction of ccMA hydrogenation with 1% Ru/AC. Reaction conditions: 
catalyst (0.025 g), ccMA (0.05 g) solvent (25 mL), H2 pressure (10 bar), Temperature (80 °C). 
Legends: Conversion (X)-(black), yield to adipic acid (AA)-(green), epsilon-caprolactone (ECL)-
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